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SECTION  I 


INTRODUCTION 


A.  OBJECTIVE 

The  objective  of  this  technical  report  la  to  provide  a  summary  of  the 
main  areas  of  research  relating  to  the  environmental  chemistry  of  hydrazine 
fuels.  It  is  not  intended  to  be  an  exhaustive  review  of  all  such  research, 
but  rather  is  designed  to  acquaint  both  scientist  and  manager  with  some  of 
the  key  issues  and  research  in  this  unique  field. 

B.  BACKGROUND 

Since  its  Inception  as  a  separate  organizational  branch  at  Klrtland  AFB, 
NM,  the  environmental  chemistry  research  group,  now  located  at  the  Air  Force 
Engineering  and  Services  Center  (AFESC),  Tyndall  Air  Force  Base,  FL,  has 
been  involved  in  research  concerning  the  environmental  fate  and  effects  of 
hydrazine  fuels.  In  the  interest  of  promoting  the  exchange  of  engineering 
and  fundamental  research  results  among  those  who  are  involved  with  hydrazine 
fuels,  AFESC  has  sponsored  three  conferences  on  the  environmental  chemistry 
of  these  fuels.  This  technical  report  contains  the  papers  presented  at  the 
third,  and  most  recent  of  these  conferences. 

This  third  conference  was  designed  to  cover  all  of  the  major  areas  of 
interest  of  those  who  use  hydrazines  as  fuels.  Consequently  it  addressed 
the  environmental  issues  associated  with  these  fuels.  It  was  divided  into 
an  overview,  plenary  lecture  and  five  technical  sessions  which  ran  in 
sequence. 

C.  SCOPE 

The  conference  covered  a  range  of  topics.  It  began  with  a  plenary 
lecture  noting  the  discovery  and  useo  of  hydrazine-*  in  the  past  100  years. 
This  was  followed  by  technical  presentations  in  five  general  areas:  (1) 
Gas-phase  kinetics  and  models,  (2)  Soil,  surface,  and  matrix  isolation 
studies,  (3)  Hydrazine  disposal  studies,  (4)  Detection  and  Monitoring,  and, 
(5)  Toxicology.  The  conference  was  concluded  with  a  panel  discussion  where 
recommendations  for  future  research  were  discussed  and  noted  for  each  area. 
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SECTION  II 


ONE  HUNDRED  YEARS  OF  HYDRAZINE  CHEMISTRY 


E.  W.  Schmidt,  Senior  Staff  Scientist 
Rocket  Research  Company,  Olin  Defense  Systems  Group 
11441  Willows  Rd.  N.E.,  Redmori,  WA  98052-1012 

ABSTRACT 

During  the  hundred  years  since  the  discovery  of  hydrazine  by  T.  Curtius 
in  1887,  hydrazine  has  developed  into  a  useful  rocket  propellant  and 
industrial  chemical.  Likewise,  many  organic  hydrazine  derivatives  (some  of 
which  actually  were  known  to  chemists  prior  to  the  discovery  of  the  parent 
compound  hydrazine  itself),  have  come  to  be  used  as  rocket  propellants  and 
industrial  intermediates.  Like  many  other  household  and  industrial  chemicals, 
hydrazine  and  its  derivatives  are  potentially  hazardous  and  the  occupational 
hygien*  and  environmental  safety  of  hydrazines  require  careful  study. 

Hydrazine  itself,  the  major  topic  of  this  paper,  has  found  application  as 
a  rocket  propellant  and  gas  generant  for  aerospace  and  marine  applications, 
boiler  feed  water  additive,  chemical  intermediate  for  plastic  foam  blowing 
agents,  pesticides,  and  pharmaceutical  products.  It  can  serve  as  a  source  of 
energy  in  rockets,  airplanes,  submarines,  and  fuel  cells. 

Whereas  it  was  initially  thought  that  environmental  problems  with 
hydrazines  were  unique  to  man-made  synthesized  hydrazines,  it  has  been  only 
recently  recognized  that  certain  hydrazines,  including  one  used  as  rocket 
propellant,  are  naturally  occurring  in  glucosidic  bonds  in  mushrooms.  Thu 
implications  of  this  discovery  require  additional  study. 


1.  INTRODUCTION 

This  paper  is  not  so  much  a  year-by-year  account  of  the  history  of 
hydrazine  chemistry  as  it  tries  to  put  current  hydrazine  applications  in 
perspective.  Therefore,  more  emphasis  is  placed  on  the  most  recent  decades  of 
hydrazine  usage.  Also,  with  the  professional  background  of  the  author  being 


in  hydrazine  applications  and  not  as  a  full-time  occupational  hygienist  and 
environmental  safety  officer,  this  paper  will  emphasize  the  key  position 
played  by  hydrazines  as  fuels  in  the  current  space  program  and  offer  means  how 
safety  questions  can  be  addressed  with  adequate  levels  of  priority.  The 
current  status  of  hydrazine  chemistry  has  been  sufficiently  summarized  in  the 
literature  (Reference  1). 


2.  HYDRAZINE  FUELS 

It  may  be  very  useful  at  this  point  to  provide  a  summary  of  rocket  and 
gas  generator  applications  of  hydrazines.  Rocket  applications  are  as  bipro¬ 
pellant  fuels  and  as  monopropellants  in  catalytic  and  electrothermal  rocket 
engines.  Gas  generator  applications  are  for  auxiliary  power  in  the  Space 
Shuttle  Auxiliary  Power  Unit  (APU)  and  for  emergency  power  in  the  F-16 
fighter. 

The  hydrazine  fuels  of  interest  as  rocket  propellants  and  gas  generants 
include: 

Hydrazine ,  N2H^ 

Methylhydrazine ,  CH3NHNH2  ("Monomethylhydrazine ,  MMH") 

1, 1-Dimethylhydrazine ,  (CHj^NN^  ( "unsymmetrical  dimethylhydrazine ,  UDMH"  ) 

In  this  paper,  we  refer  to  this  group  of  chemicals  in  the  plural  case, 
"hydrazines".  In  terms  of  total  quantity  produced,  UDMH  may  actually  outweigh 
the  amount  of  anhydrous  hydrazine,  in  particular  if  the  total  quantity  is 
summed  up  worldwide.  It  must  be  emphasized  that,  although  there  are  far  more 
publications  on  the  toxicity  of  1, 2-dimethy lhydrazine  ("SDMH")  in  the 
literature  of  the  past  decade  than  on  all  other  hydrazines  combined, 
symmetrical  dimethylhydrazine  is  not  used  as  a  rocket  propellant  and  there  are 
no  known  industrial  uses  of  this  chemical.  The  toxic  nature  of  the  various 
hydrazines  is  sufficiently  different  that  hydrazines  as  a  group  should  not  be 
summarily  judged  by  the  highly  toxic  (in  this  case  carcinogenic)  properties  of 
one  of  its  members.  It  may  be  difficult  to  justify  additional  work  on  SDMH 
only  because  Its  isomer  happens  to  be  used  as  a  rocket  propellant. 
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3.  PRODUCTION  OF  HYDRAZINE  PROPELLANTS 


The  processes  for  the  production  of  hydrazine  fuels  are  summarized  in 
Table  1. 

TABLE  1  METHODS  FOR  PRODUCTION  OF  HYDRAZINES. 

Designation  Formula  Abbre-  Method  of  Manufacture 

viation 

Hydrazine  (anhydrous)  ^2^4  AH  Raschig  process, 

by  way  of  hydrazine  hydrate  Ketazine  process. 

Peroxide  process. 

Methyl hydrazine  H3C-NH-NH2  MMH  Raschig  process 

("Monomethylhydrazine")  with  oethylamine 

1, 1-Dimethylhydrazine  (H-jC^N-tffi^  UDMH  Reduction  of 

N-nitrosodimethylamine . 

Raschig  process  with 
dimethyls mine . 

Reductive  methylation 
of  acethydrazide . 

After  hydrazine  hydrate  was  discovered  in  1887,  it  remained  a  laboratory 
curiosity  for  a  long  time  and  not  very  many  applications  for  it  were  known  for 
several  decades  afterwards.  The  first  sample  of  anhydrous  hydrazine  was 
prepared  by  Lobry  DeBruyn  in  1893.  The  method  for  preparation  of  hydrazine 
hydrate  by  the  Raschig  process  was  discovered  in  1907  and  cleared  the  way  for 
the  production  of  hydrazine  hydrate  in  industrial  quantities.  In  some 
installations  and  with  a  few  process  modifications,  the  Raschig  process  is 
still  used  nowadays  for  preparation  of  hydrazine  hydrate.  The  majority  of 
hydrazine  hydrate  is  now  prepared  by  the  ketazine  process. 
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Hydrazine  starts  Its  life  cycle  as  hydrazine  hydrate  which  contains  only 
64%  hydrazine,  and  haa  to  be  dehydrated  to  99+%  N2H^  to  be  useful  as  a  rocket 
propellant*  The  dehydration  is  now  achieved  in  industrial  quantities  by 
azeotropic  distillation  with  aniline  as  an  auxiliary  fluid* 

MMH  and  UDMH  are  now  made  in  the  USA  by  a  modified  Raschig  process.  For 
the  production  of  UDMH,  this  avoids  the  use  of  the  very  toxic  dimethyl- 
nitrosamine  (N-nitrosodimethy lamina)  as  an  intermediate  as  was  done  in  the 
fifties  and  sixties  until  the  carcinogenic  hazards  of  this  intermediate  became 
better  known. 

When  examining  the  change  of  the  use  pattern  of  hydrazine  (hydrate)  in 
the  United  States  from  1964  to  1982  (Figure  1),  it  becomes  apparent  that 
whereas  more  than  half  of  all  hydrazine  was  used  as  a  rocket  propellant  in  the 
60*s,  in  the  meantime  many  other  Industrial  applications  are  taking  the  major 
share  of  all  hydrazine  (hydrate)  produced.  For  the  occupational  hygiene  and 
environmental  safety  community  that  means  that  whereas  in  the  sixties  the 
handling  of  hydrazine  could  have  been  considered  a  potential  problem  mostly 
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Figure  1.  Shift  of  Hydrazine  Use  Pattern  from  L964  to  1982,  U.S.A. 


for  the  armed  forces,  In  the  meantime  many  other  industrial  users  have  learned 
how  to  handle  hydrazine  safely  (although  some  use  it  only  as  a  dilute  aqueous 
solution  or  as  an  intermediate  in  the  preparation  of  other  chemicals) • 


During  the  same  time  period,  from  1964  to  1982,  the  worldwide  production 
of  hydrazine  (as  measured  by  Installed  capacity)  has  more  than  doubled 
(Figure  2).  As  can  be  seen  from  this  figure,  the  USA  still  has  a  lead  in 
Installed  capacity,  but  other  countries  have  been  increasing  their  share  of 
the  world  market* 
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Figure  2.  Chronological  Evolution  of  Installed  Hydrazine  Hydrate  Capacity; 
Noncommunist  Countries,  Expressed  as  Million  lbs  ^**4 


4.  USE  OF  HYDRAZINES  AS  ROCKET  PROPELLANTS 

4.1  M0N0PR0PELLANTS  AND  BIPROPELLANTS 

When  reviewing  the  uses  of  hydrazine  as  a  rocket  propellant,  one  must 
recognize  the  difference  between  hydrazine  use  as  a  monopropellant  and  as  a 
bipropellant.  In  a  monopropellant  system,  as  illustrated  in  Figure  3, 
hydrazine  by  itself  is  injected  into  a  reaction  chamber  and  its  decomposition 
is  initiated  by  contact  with  a  catalyst.  Hydrazine  is  an  exothermic  compound 


Figure  3.  Schematic  of  Hydrazine  Monopropellant  and  Bipropellant  Systems. 

that  can  decompose  spontaneously  and  many  of  its  handling  hazards  are  caused 
by  this  property*  In  bipropellant  systems,  such  as  those  used  in  the  Orbital 
Maneuvering  System  (OMS)  on  the  Space  Shuttle,  a  hydrazine  fuel  (MMH)  is 
injected  simultaneously  with  an  oxidizer  and  Ignition  takes  place  on  contact 
of  the  two  hypergolic  fluids.  Bipropellant  systems  are  typically  used  where 
total  impulse  requirements  are  high.  For  small  Impulse  requirements,  such  as 
for  attitude  control  and  orbit  maintenance  of  satellites,  monopropellant 
systems  are  lighter  and  more  reliable  because  they  require  only  a  single  tank, 
a  single  pressurization  system,  and  a  single  control  valve,  whereas  the  dry 
weight  of  a  bipropellant  system  with  dual  sets  of  tanks  and  flow  controls 
would  be  less  favorable.  However,  the  specific  Impulse  of  monopropellant 
hy  irazine  is  lower  than  that  of  bipropellant  combinations.  Whereas  the 
specific  impulse  of  monopropellant  hydrazine  is  typically  2313  N  s/kg  (236  lbf 
s/lbm),  that  of  bipropellant  combinations  (NTO/MMH)  is  38%  higher. 

As  a  means  of  increasing  the  specific  impulse  beyond  that  of  hydrazine, 
and  also  in  order  to  widen  the  liquid  range  (hydrazine  has  an  undesirably  hi6h 
freezing  point,  like  water),  additives  have  been  added  to  hydrazine  resulting 
in  the  formation  of  hydrazine  blends.  New  hydrazine  blends  that  are  currently 
being  tested  are  those  containing  hydrazlnium  nitrate  and  water. 


In  the  case  of  the  Aerozine-50  blend,  UDMH  was  added  to  hydrazine  to  make  j 
it  safe  to  use  as  a  regenerative  coolant  and  to  lower  its  freezing  point.  f 
This  blend  is  only  used  as  a  bipropellant  fuel. 
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4.2  HISTORY  OF  HYDRAZINE  USE  AS  A  ROCKET  PROPELLANT 

The  evolution  of  hydrazine  as  an  industrial  chemical  has  been  closely 
tied  to  its  use  as  a  rocket  propellant.  As  far  as  we  can  trace  it  back,  the 
first  recorded  use  of  hydrazine  hydrate  as  a  rocket  propellant  was  in  a  rocket 
plane,  the  Me-163B,  in  Germany  in  1937.  A  mixture  of  hydrazine  hydrate  and 
methanol  was  used  as  a  hypergolic  fuel  with  hydrogen  peroxide  as  the  oxidizer 
in  a  bipropellant  rocket  engine.  The  mixture  consisted  of  302  hydrazine 
hydrate,  57%  methanol  and  13Z  water  and  the  code-name  for  it  was  "C-Stoff". 
The  large-scale  production  of  hydrazine  hydrate  as  part  of  the  German  war 
effort  opened  the  way  to  other  industrial  uses  of  hydrazine  and  hydrazine 
chemicals.  The  first  use  of  anhydrous  hydrazine  as  a  monopropellant  was 
demonstrated  at  the  Jet  Propulsion  Laboratory  in  Pasadena  in  1954  and  the 
first  production  of  anhydrous  hydrazine  started  in  the  United  States  in  the 
late  50V  Hydrazine  production  capacity  in  the  U.S.  saw  an  enormous  Increase 
in  the  60*s  when  a  50:50  blend  of  UDMH  and  hydrazine  waa  used  to  fuel  the 
TITAN-II  and  T1TAN-III  missiles  and  satellite  launchers. 

For  hydrazine  monopropellant  use,  a  key  milestone  was  the  development  of 
the  Shell  405  catalyst  under  a  contract  from  NASA-Jet  Propulsion  Laboratory  in 
1963.  This  spontaneous  catalyst  allowed  almost  unlimited  restart  capability 
and  opened  the  way  for  new  hydrazine  applications.  As  a  result,  most  military, 
commercial  and  scientific  satellites  in  earth  orbit  now  use  hydrazine 
propulsion  systems  for  attitude  control  and  orbit  maintenance  (stationkeeping 
for  GEO). 

4.2.1  Satellites 

Figure  4  shows  a  chronology  of  unclassified  satellites  launched  carrying 
hydrazine  and  a  breakdown  of  the  total  number  by  satellite  task.  The  most 
pronounced  growth  ie  in  the  area  of  commercial  communication  satellites  and 
this  trend  is  expected  to  continue  with  the  advent  of  direct  broadcast 
satellites  that  allow  reception  of  TV  signals  with  parabolic  dish  antennas 
small  enough  not  to  constitute  an  eyesore  to  your  neighborhood  backyard.  Some 
of  these  antennas  may  even  fit  indoors  on  top  of  the  TV  console. 
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Figure  4.  Satellites  Launched  Carrying  Hydrazine,  1979  through  1984. 

4.2.2  Spacep robes 

Many  of  the  spectacular  unmanned  space  missions  have  used  hydrazine 
propulsion.  The  more  successful  ones  include  the  Viking  landers  on  Mars,  the 
Pioneer  and  Voyager  spaceprobes  to  Jupiter,  Saturn,  and  Uranus,  and  the  Giotto 
space  probe  to  the  comet  Halley. 


4.2.3  Upper  Stages 

In  addition  to  satellites,  hydrazine  thrusters  are  used  extensively  for 
upper  stage  propulsion,  either  for  nutation  control,  thrust  centralization 
during  solid  rocket  motor  burns  or  for  impulse  corrections  after  the  solid 
rocket  motor  burn  is  complete  and  for  circularization  of  the  interim  orbits. 
Upper  stages  of  satellite  launch  vehicles  using  hydrazine  thrusters  are 
Transtage,  IUS,  PAM-D,  Voyager  TJI  and  more  recently  also  TITAN-II,  Centaur  and 
OMV.  In  the  strategic  arena,  hydrazine  thrusters  are  to  be  used  for  post-boost 
propulsion  on  the  Small  ICBM  third  stage  and  on  a  foreign  submarine-launched 
missile. 


4.3  ELECTRIC  ROCKET  PROPULSION  USING  HYDRAZINE 


In  a  more  recent  development,  the  use  of  hydrazine  has  been  expanded 
beyond  the  simple  catalytic  decomposition  by  augmenting  the  energy  of 
hydrazine  decomposition  products  with  resistojet  or  arejet  heaters.  Whereas 
the  specific  impulse  of  conventional  catalytic  thrusters  was  of  the  order  of 
2313  N  s/kg  (236  lb£  s/lbm),  it  was  possible  to  Increase  this  to  3335  N  s/kg 
(340  lb  £  s/lbjjj)  for  resistance-heated  augmentors  and  to  7100  N  s/kg  (730  lb£ 
s/lbm  for  arc-heated  augmentors.  Augmented  catalytic  thrusters  (ACT)  of  the 
resistojet  type  are  already  in  flight  use  on  5  commercial  spacecraft  and  many 
more  are  planned.  Similar  realstojets  (HiPEHT)  using  electrothermal  instead 
of  catalytic  hydrazine  decomposition  were  used  on  a  number  of  INTELSAT-V 
spacecraft.  Hydrazine  arejets  are  still  under  development  and  have  so  far  not 
yet  found  flight  applications.  A  NASA-sponsored  arejet  flight  experiment  is 
planned  for  late  1990  on  a  commercial  satellite. 


5.  HYDRAZINE  GAS  GENERATOR  APPLICATIONS 


Current  hydrazine  gas  generator  applications  are  for  rotary  power  and  for 
pneumatic  power.  For  rotary  power,  anhydrous  hydrazine  is  used  in  the 
Auxiliary  Power  Unit  (APU)  on  both  the  Space  Shuttle  orbiter  and  on  the  two 
Solid  Rocket  Boosters  (SRBs).  As  shown  in  Figure  5,  there  are  three  gas 
generators  on  the  orbiter  vehicle  and  two  gas  generators  on  each  SRB. 
Hydrazine  decomposition  gases  at  very  high  pressures  are  capable  of  expelling 
ballast  water  from  submarine  ballast  tanks  in  emergency  situations.  Such 
systems  are  now  in  use  on  several  NATO  submarines.  Hydrazine  systems  weigh 
only  a  fraction  of  comparable  compressed  gas  systems. 


6.  FUTURE  APPLICATIONS  OF  HYDRAZINE  FUELS 


The  current  use  pattern  for  hydrazine  fuels  is  likely  to  continue  for  at 
least  another  decade.  Although  electric  propulsion  systems  (e.g.,  ion 
thrusters  without  the  use  of  hydrazine)  are  being  developed  that  offer 
specific  impulses  an  order  of  magnitude  better  than  mono  propellant  hydrazine, 
these  electric  thrusters  are  not  likely  to  replace  monopropellant  hydrazine  or 
bipropellant  NTO/MMH  in  their  current  applications. 
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Figure  S.  Location  of  Hydrazine  Gaa  Generators  on  Space  Shuttle  Vehicle. 

7.  ENVIRONMENTAL  CHEMISTRY  OF  HYDRAZINE  FUELS 

The  main  topic  of  the  current  conference  is  the  environmental  chemistry  of 
hydrazine  fuels.  There  is  an  impressive  amount  of  work  being  presented  at  this 
conference  dealing  with  the  occupational  hygiene  and  environmental  safety  of 
hydrazine  fuels.  This  work  is  all  very  desirable  in  order  to  better  understand 
the  environmental  ramifications  of  hydrazine  fuels  arid  to  arrange  for  the  safe 
disposal  of  these  chemicals.  However,  as  several  of  the  studies  will  show, 
hydrazines  are  not  very  persistent  and  are  readily  detoxified  in  the 
environment.  As  such,  they  are  in  a  totally  different  category  compared  to 
chlorinated  pesticides  or  PCB  transformer  oils.  We  consider  it  important  that 
this  difference  be  made  public  when  reports  on  occasional  incidents  involving 
spills  of  hydrazines  are  released  to  the  news  media. 
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8.1  OCCUPATIONAL  HYGIENE  AND  EPIDEMIOLOGICAL  STUDIES  OF  HYDRAZINE  WORKERS 


Based  on  animal  cast  data  published  Co  dace,  lc  appears  ChaC  Che  response 
Co  hydrazine  and  mechylhydrazines  is  very  much  dependenc  on  Che  pach  of 
ingesclon.  Typical  animal  feeding  scudies  vich  hydrazine  in  Che  drinking 
wacer  cannoC  cruly  simulace  Che  common  Indus crial  exposure  condicion  where  Che 
mosc  likely  pach  of  ingesclon  is  by  inhalation.  In  spice  of  Che  chousanda  of 
animals  exposed  Co  hydrazine  by  all  paChs  of  admlnisCradon,  che 
carcinogeniciCy  of  hydrazine  icself  for  humans  is  noc  clearly  proven  and  sclll 
subjecc  of  discussion.  Ic  is  currencly  lisced  as  an  "animal  carcinogen"  and 
"suspecCed  carcinogen”  on  che  A2  lisC  of  Che  American  Conference  of 
GovernmenCal  IndusCrlal  HygienisCs  (ACGIH)  Threshold  LimlC  Value  (TLV)  booklec 
(Reference  2).  Ic  has  bean  proposed  Co  classify  ic  as  a  "weak  animal 
carcinogen". 

Repealed  epidemiological  studies  of  workers  routinely  exposed  to  hydrazine 
vapors  at  the  place  of  employment  have  failed  to  reveal  any  increased 
incidence  of  any  form  of  cancer  or  any  abnormal  mortality  in  the  group  of 
workers  tested  (Reference  3).  It  is  recommended  Chat  such  studies  be 
continued  and  updated  periodically.  The  difficulty  with  industrial  exposure 
and  worker  epidemiological  studies  is  that  the  workers  are  usually  exposed  Co 
more  than  one  chemical  in  che  course  of  their  career.  Nevertheless,  if 
hydrazine  was  as  hazardous  as  some  try  to  make  it  appear,  adverse  health 
effects  would  have  shown  up  in  workers  even  with  shorter  periods  of  exposure 
and  at  lower  concentrations  than  those  routinely  tolerated  in  the  early  years 
of  hydrazine  industrial  usage  (Reference  4). 

8.2  SIGNIFICANCE  OF  HERF  INDEX  IN  HAZARD  EVALUATION 

We  all  have  been  frustrated  by  the  inability  of  extrapolating  from  animal 
tests  to  human  exposure  and  by  the  difficulty  of  setting  human  exposure  limits 
based  on  animal  test  data. 

A  recent  publication  by  the  renowned  biochemist  Bruce  Ames  (Reference  5) 
introduces  a  new  index  for  the  assessment  of  carcinogenic  risks  in  the 
environment.  The  Human  Exposure  doae/Rodent  Potency  dose  ratio  (HERP)  can  be 
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of  value  when  discussing  Industrial  exposure  versus  exposure  that  exists 
naturally  as  part  of  the  human  environment.  The  HERP  Is  expressed  as  the 
ratio  of  human  exposure  to  the  dally  dose  rate  TDjq  that  la  capable  of  cutting 
in  half  the  number  of  tumor-free  animals  at  the  end  of  a  standard  lifetime. 
Ames  cautions  that  "It  would  be  a  mistake  to  use  our  HERP  index  as  a  direct 
estimate  of  human  hazard".  However,  lacking  any  other  more  accurate  method 
and  lacking  many  of  the  animal  test  data  needed  to  complete  the  HERP 
evaluation,  the  HERP  method  should  be  applied  to  hydrazines  as  well  and  we 
hope  that  someone  will  submit  a  paper  on  this  subject  at  one  of  the  future 
hydrazine  environmental  conferences.  Likewise,  the  significance  of  hydrazine 
derivatives  in  crop  residues  of  growth  retardants  should  be  compared  to  other 
sources  of  hydrazines. 

8.3  RECOMMENDATIONS 

The  occupational  hygiene  and  environmental  safety  scientific  community  is 
fortunate  to  have  found  a  sponsor  in  the  NASA  and  Armed  Services  laboratories 
and  to  receive  continued  funding.  If  one  summarized  all  funding  devoted  to 
toxicity  and  environmental  questions  of  hydrazines,  that  number  would  be  a 
multiple  of  funding  devoted  to  all  other  properties  of  hydrazine  combined. 
Why  is  that  so?  It  appears  that  toxicity  has  gained  a  disproportionate  amount 
of  attention.  What  has  been  overlooked  is  that  hydrazines  as  energetic 
chemicals  are  inherently  dangerous  and  to  this  date  many  of  the  engineering 
:  ifety  properties  (e.g.,  adiabatic  compression,  vapor  detonations, 
electrostatic  discharge  sensitivity,  thermal  stability,  corrosion)  have  been 
insufficiently  investigated  to  allow  a  complete  evaluation  of  handling 
hazards.  Although  the  probability  of  accidents  is  very  low,  chances  are  that 
in  the  coming  decades  more  propellant  handling  personnel  will  be  injured 
through  mechanical  and  engineering  malfunctions  involving  hydrazine  than 
through  intoxication.  What  is  needed  is  a  hydrazine  fuels  engineering 
property  and  handling  safety  research  program  to  complement  the  excellent  work 
that  has  been  done  on  hydrazines  toxicity.  The  engineering  property  program 
should  be  on  an  equal  footing  with  the  toxicity  effort  in  terms  of  funding  and 
centralized  coordination.  The  result  of  such  an  effort  could  be  a  hydrazine 
fuels  handling  and  design  safety  manual  that  would  be  made  available  to  all 
propulsion  system  designers  and  flight  test  and  propellant  handling  personnel. 
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ABSTRACT 

Selected  gas  phase  reactions  of  hydrazine  (N2H4),  monomethyl  hydrazine 
(MMH),  and  unsymraetrical  dimethyl  hydrazine  (UDMH)  have  been  investigated 
under  simulated  atmospheric  conditions  in  “3800  and  6400-liter  Teflon®  reac¬ 
tion  chambers  by  FT-IR  spectroscopy.  Their  reactions  with  ozone  and  nitrogen 
dioxide  were  extensively  studied,  and  data  were  also  obtained  concerning  their 
reactions  with  formaldehyde  and  nitric  acid.  The  results  of  these  experiments 
are  summarized,  and  possible  mechanisms  for  the  reactions  of  these  hydrazines 
with  O3  and  N02  are  discussed. 


INTRODUCTION 

Hydrazine  (N2H^)  and  its  alkyl  derivatives,  monomethylhydrazine  (MMH)  and 
1 , 1-dimethylhydrazine  (unsymmetrical  dimethylhydrazine  or  UDMH)  are  employed 
in  large  quantities  as  fuels  for  military  and  space  propulsion  systems. 
Information  concerning  their  atmospheric  transformations  is  essential  in 
evaluating  the  possible  adverse  impact  of  their  releases  into  the  atmosphere 
stemming  from  storage,  transfer,  and  venting  operations. 

Photolysis  and  reactions  with  O3  and  the  OH  radical  are  the  major 
chemical  loss  processes  of  most  compounds  released  into  the  clean  atmosphere, 
with  reactions  with  species  such  as  N0X,  HNO3,  HCHO,  etc.,  being  additional 
possible  removal  routes  in  the  case  of  a  polluted  troposphere  (Reference  1). 
For  the  fuel  hydrazines,  photolysis  is  not  expected  to  be  an  1  '■ant  atmos¬ 
pheric  removal  process  since  these  compounds  do  n  -  significant.!..,  absorb  in 
the  actinic  region  (>290  nm),  but  the  other  atmospheric  loss  processes  should 
be  considered. 
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In  exploratory  Investigations  of  the  atmospheric  reactions  of  the  fuel 
hydrazines,  we  utilized  in.  situ  long-pathlength  Fourier  transform  infrared 
(FT-IR)  spectroscopy  in  environmental  chamber  simulations  (References  2-4)  and 
a  flash  photolysis-resonance  fluorescence  technique  (Reference  5)  to  investi¬ 
gate  the  gas-phase  reactions  of  these  compounds,  and  observed  that  they  react 
very  rapidly  with  0^  (References  2-4)  and  the  OH  radical  (Reference  5).  More 
recently,  we  carried  out  more  detailed  studies  in  large-volume  environmental 
chambers  at  parts-per-million  concentrations  of  the  reactants  in  an  effort  to 
determine  the  products,  rates,  and  salient  features  of  the  mechanisms  of  the 
gas-phase  reactions  of  these  hydrazines  with  O3,  OH  radical,  N0X  (NO  and  N02), 
as  well  as  with  HNOj  and  KCHO  (Reference  6).  This  paper  gives  a  summary  of 
results  from  this  more  recent  research. 

EXPERIMENTAL 

All  experiments  were  carried  out  in  environmental  chambers  constructed 
from  50-pm  thick  Dupont  FEP  Teflon9  film,  heat-sealed  at  the  seams,  and  held 
semirlgldly  Inside  rectangular  aluminum  frames.  Provisions  for  Injection  and 
sampling  of  gases  consisted  of  glass  tubes  with  sealed  fittings  and  a  Teflon® 
disperser  tube.  Teflon*-coated  fans  were  used  for  initial  mixing  of  the 
reactants.  Initial  experiments  were  conducted  in  an  '6400  L  chamber  (Figure 
1);  later  experiments  were  carried  out  in  a  similar  but  smaller  '3800  L 
chamber.  Known  pressures  of  the  reactants  in  calibrated  2  L  and  S  L  bulbs 
were  flushed  into  the  chamber  with  measured  flows  of  N2  and  stirred.  The 
mixing  time  was  £30  seconds  for  either  chamber  size,  which  was  limited  more  by 
the  speed  of  sample  injection  than  by  the  efficiency  of  the  mixing  fan. 

All  reactants  and  products  were  monitored  .in.  situ  by  FT-IR  spectroscopy 
at  pathlengths  of  -68-102  m.  The  2.13-rn  basepath  White  optical  system  housed 
in  the  chamber  consisted  of  gold-coatcd  mirrors  with  Tef lon®-coated  mounting 
hardware.  The  FT-IR  spectrometer  employed  a  liquid-N2"Cooled  HgCdTe  detector 
to  monitor  the  700-3000  cra”^  region  of  interest.  All  spectra  were  recorded  at 
1  cm  *  resolution.  Each  spectral  record  consisted  of  6  to  64  averaged  scans, 
with  midpoint  times  of  0.1  to  0.8  min,  respectively,  depending  upon  the  speed 
0?  the  reaction  being  monitored. 
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Figure  1.  Schematic  Diagram  of  the  ">6400  L  Teflon®  Reaction  Chamber  with 
Long  Pathlength  FT-IR  Spectrometer. 


RESULTS 

THE  REACTIONS  OF  HYDRAZINES  WITH  OZONE 

The  reactions  of  ozone  with  the  fuel  hydrazines  were  studied  In  air  at 
low  relative  humidities  (<25%),  at  20-25#C  and  '740  torr  total  pressure  under 
conditions  of  excess  hydrazine,  near  equimolar  reactant  concentrations,  and 
excess  ozone.  The  initial  reactant  concentrations  ranged  from  '4  to  -  20 
ppm.  To  investigate  the  participation  of  OH  radicals  in  the  ozone  +  hydrazine 
reactions,  additional  experiments  were  carried  out  in  the  presence  and  absence 
of  »270  ppm  of  n-octane  as  a  "radical  trap"  to  suppress  OH  radicals.  Separate 
runs  were  conducted  with  -0.2  ppm  each  of  n-octane  and  hexamethylethane 
present  as  "tracers"  to  obtain  integrated  OH  radical  levels  from  the  relative 
rates  of  their  disappearance,  as  monitored  by  GC  techniques.  The  low  amounts 
of  the  tracers  had  no  effect  on  the  hydrazine  and  ozone  reaction  rates  and  the 
products  formed. 


Results  of  the  Hydrazine  +  Ozone  Experiments 


The  results  of  the  N2H4  +  O3  experiments  are  summarized  In  Table  1.  The 
major  products  were  hydrogen  peroxide  (H2O2)  and  diazene  (N2H2),  though  small 
Increases  In  the  levels  of  the  ammonia  (NH3)  impurity  were  observed  during  the 
course  of  the  reactions,  and  nitrous  oxide  (N20)  was  observed  as  a  minor 
product  in  the  runs  without  the  radical  trap.  Representative  reactant  and 
product  spectra  are  shown  in  Figures  2  and  3. 


TABLE  1.  SUMMARY  OF  RESULTS  OF  THE  N2H4  +  O3  CHAMBER  EXPERIMENTS  WITH 
AND  WITHOUT  RADICAL  TRAPS. 


Excess  N2H4 

Equimolar 

Excess  O3 

Initial  Concentration  (ppm) 

n2h4 

16 

10 

4 

°3 

4 

10 

16 

Apparent  k(03+N2H4) 

(ppm”1  min”1) 

No  Trap 

0.09 

>0.4 

Trap 

0.06 

0.04 

Yield/  A[N2H4] 

-4[o3] 

No  Trap 

0.8 

1.0 

1.4 

Trap 

1.0 

1.4 

1.9 

[h2o2] 

No  Trap 

0.6 

0.5 

0.4 

Trap 

0.2 

0.08 

<0.04 

[n2h2] 

No  Trap 

0.7 

0 

0 

( Absorbance /ppm)® 

Trap 

0.4 

0 

0 

Integrated  [OH] 

(10~6  ppm-min) 

No  Trap 

0.7 

2.5 

4.9 

^Absorbance  of  the  1276.7  cm”1  Q  branch  at  l  cm”*  resolution  and  68.3 
meter  path. 
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Figure  2.  Spectre  from  en  N2H4  +  O3  Equimolar  Run.  (a)  Initial  N2H^» 
(b)  Mixture  at  t-1- 4  min,  (c>  Mixture  at  t-20.8  min. 
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Figure  3.  Detection  of  Diazene  in  N2H^  +  O3  Run  with  Excess  Hydrazine,  (a) 

Products  at  t"1.4  min,  (b)  Spectrum  afcer  Subtraction  of  H202 
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Table  1  shows  that  the  hydrazine-ozone  stoichiometry  and  the  product 
yields  were  affected  by  the  initial  reactant  ratio*  As  the  initial  [O3]/ 
[N 2H4 ]  reactant  ratio  increased ,  the  amount  of  O3  consumed  per  reacted 

increased,  and  the  relative  yield  of  N2H2  decreased  markedly.  The  N2H2 
remained  at  the  end  of  the  reaction  only  in  the  excess  hydrazine  runs,  and  was 
observed  as  a  transient  intermediate  at  very  low  levels  in  the  equimolar  runs 
and  the  excess  O3  runs.  In  addition,  when  O3  was  added  to  a  reacted  mixture 
already  containing  N2H2,  the  latter  apecias  rapidly  disappeared,  indicating  a 
fast  reaction  between  O3  and  The  H2O2  yields  were  far  less  sensitive  to 

the  initial  tO-jl/l^H^]  ratio  in  the  runs  without  the  radical  trap  than  in 
experiments  with  the  radical  trap  present. 

The  sets  of  experiments  with  added  radical  tracers  and  radical  traps  both 
indicated  the  role  of  OH  radicals  in  the  O3  +  N2H^  reaction.  The  tracer  data 
showed  an  increase  In  the  integrated  OH  levels  with  Increasing  Initial  [O3 ]  / 
[N2H4].  The  presence  of  the  radical  trap  resulted  in  more  O3  consumed  per 
N2H4  reacting,  in  significantly  lower  H202  yields,  and  in  lower  apparent  rates 
of  reaction,  as  measured  by  the  O3  decay  rate  in  the  presence  of  excess  N2H^ 
or  the  N2H4  decay  rate  in  excess  O3.  The  radical  trap  had  the  greatest  effect 
on  the  product  yields  and  reaction  rates  in  the  experiments  with  excess  O3, 
which  is  consistent  with  the  higher  integrated  OH  levels  indicated  by  the 
tracer  data  under  those  conditions. 

Results  of  the  MMH  4-  Ozone  Experiments 

The  results  of  the  MMH  +  O3  experiments  are  summarized  in  Table  2.  The 
major  products  observed  were  CH3OOH,  CH3NNH,  HCHO,  CH2N2,  and  H202,  with  lower 
yields  of  CH3OH,  CO,  and  HCOOH;  traces  of  NH3  and  ^0  were  also  formed. 
Representative  spectra  are  shown  in  Figure  4. 

The  results  in  Tahle  2  show  that,  as  in  the  4-  O3  system,  the  reac¬ 

tant  stoichiometry  and  the  products  formed  in  the  MMH  4-  03  system  depended  on 
the  ratio  of  initial  reactants  and  on  the  presence  of  radical  traps.  Indeed, 
within  the  experimental  uncertainties  the  relative  amounts  of  hydrazine  and 
ozone  consumed  were  in  most  cases  essentially  the  same  as  those  in  analogous 
^2^4  +  O3  experiments.  The  yields  of  CH3NNH  (like  its  analogue,  N2H2,  formed 


Figure  4.  Spectra  from  an  MMH  +  Oj  Equimolar  Run.  (a)  Initial  MMH,  (b) 
Mixture  at  t-1.4  min  after  Firat  03  Injection,  (c)  Mixture  at 
t«1.4  min  after  Second  03  Injection, 


in  the  N2H4  +  03  system)  decreaaed  markedly  aa  the  [03]/[MMH]  ratio  increased, 
and  it  was  not  obaerved  when  03  waa  in  exceaa.  The  observation  that  CH3NNH 
already  present  in  a  reacted  mixture  rapidly  disappeared  after  excess  03  was 
added  can  be  attributed  to  a  rapid  reaction  between  CH3NNH  and  03.  The  CH2N2 
yields  were  also  observed  to  decrease  as  the  [03)/[MMH]  ratio  Increased, 
indicating  that  this  product  alao  reacted  with  03»  The  reduced  CH3NNH  and 
CH2N2  yields  in  the  higher  03  runs  were  offset  primarily  by  increased  yields 
of  HCHO  and  CH3OOH,  with  HCHO  not  being  observed  in  the  excess  MMH  runs,  but 
becoming  a  major  product  In  excess  03. 

The  radical  trap  and  tracer  results  indicated  the  role  of  OH  radicals  in 
the  MMH  +  03  system.  Aa  with  the  N2H4  eyatem,  the  integrated  OH  levels 
increased  as  the  initial  [03]/[hydrasine]  increased,  and  the  radical  trap 
suppreased  the  H202  yields.  The  radical  trap  also  suppressed  the  yields  of 
CH300H,  but  resulted  in  increased  yields  of  CH3OH,  HCHO,  and  CH2N2. 
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Results  of  the  UDMH  +  Ozone  Experiments 

The  results  of  the  UDMH  +  03  experiments  ere  summerized  in  Table  3.  The 
major  product  formed  was  (Ctl^NNO  (N-nitroaodimethylamine  or  NDMA),  with 
CH3OOH,  CH3NNH,  and  H202,  minor  yields  of  CH3OH,  CO,  HCOOH,  HONO,  N02,  and 
HH3,  and  traces  of  CH2N2  also  being  observed.  The  NDMA  yields  were  generally 
60-70%  of  the  UDMH  consumed.  The  UDMH  +  O3  system  differed  from  those  of  the 
other  hydrazines  in  that  HONO  was  produced  and  thet  significantly  lower  yields 
of  H202  were  observed. 

Representative  spectre  obtained  from  the  UDMH  +  O3  experiment  with 
equimolar  initial  reactants  are  shown  in  Figure  5.  The  absorption  bands  of 
NDMA  are  seen  to  be  the  dominant  features  of  the  product  spectrum  (Figure 
5b).  An  unidentified  product,  with  its  strongest  absorption  at  -976  cm'1,  was 
detected  upon  subtraction  of  the  NDMA  absorptlona  (Figure  5c).  This  unknown 
product  was  observed  to  form  in  all  experiments  conducted  in  the  absence  of 
the  radical  trap. 

The  radical  trap  and  tracer  data  indicated  that  OH  radicals  ware  also 
generated  in  the  UDMH  +  O3  system.  As  with  the  other  hydrazines,  the 
Integrated  radical  levels  increased  with  increasing  [03]/[hydrazine]  ratio. 
The  radical  trap  caused  increased  yields  of  NMDA,  but  lower  yields  of  all  the 
other  products. 

REACTIONS  OF  HYDRAZINES  WITH  OXIDES  OF  NITROGEN 

The  reactions  of  the  hydrazines  with  oxides  of  nitrogen  were  carried  out 
under  conditions  of  exceae  hydrazine,  excess  N02,  and  excesa  NO.  The  summary 
of  data  from  these  reactions  are  given  in  Tables  4-6.  N2H^,  MMH,  and  UDMH  all 
reacted  at  significant  rates  in  the  gas  phase  with  N02,  with  the  rates  of 
reaction  being  the  lowest  for  N2H4  and  the  highest  for  UDMH.  However,  none  of 
these  hydrazines  reacted  with  NO  alone  at  measurable  rates,  although  some  NO 
was  consumed  when  N02  end  the  hydrazines  reacted  in  its  presence. 

The  reaction  of  N02  with  N2H^  resulted  in  the  formation  of  HONO  in  high 
yields,  hydrazinium  nitrate  (N2H^.HN03),  N2H2  (in  excess  N2H^  only),  N20,  and 


TABLE  3.  SUMMARY  OP  RESULTS  OF  THE  UDMH  +  O3  CHAMBER  EXPERIMENTS  WITH 
AND  WITHOUT  RADICAL  TRAPS. 


Excess  UDMH 

Equimolar 

Excess  O3 

Initial  Concentration  (ppo) 

UDMH 

8-16 

10 

5 

°3 

4 

to 

17 

Yield/A tUDMH] 

-aIo3] 

No  Trap 

1.4 

1.4 

1.8 

Trap 

1.7 

1.5 

a 

[(ch3)2nnoi 

No  Trap 

0.6 

0.6 

0.7 

Trap 

0.7 

0.7 

a 

[HCHO] 

No  Trap 

0.13 

0.16 

0.24 

Trap 

<0.05 

0.09 

a 

[CH3OOH] 

No  Trap 

<0.15 

0.12 

0.21 

Trap 

<0.17 

<0.06 

a 

[CH3NNH] 

No  Trap 

0.09 

0.05 

0 

Trap 

<0.03 

0.03 

a 

[H2o2] 

No  Trap 

0.05 

0.08 

0.09 

Trap 

<0.06 

0.03 

a 

[HONO] 

No  Trap 

0.04 

0.04 

0.01 

Trap 

0.01 

0.01 

a 

Integrated  [OH] 

<10"6  ppm-min) 

No  Trap 

0.4 

1.0 

2.4 

*No  data. 
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Figure  S.  Spectra  from  a  UDMH  +  O3  Equimolar  Run*  (a)  Initial  UDMH, 

(b)  Producta  at  t-1.4  min,  (c)  from  (b)  with  (CI^^NNO  Banda 
Subtracted* 


NH3  (Table  4).  Analogoua  producta  were  formed  when  N02  and  MMH  reacted* 
namely  HONO  (In  high  yields),  nonomethylhydraalnlum  nitrate  [CH3NHNH2.HNO3] , 
CH3NNH,  and  tracea  of  N20,  and  NH3  (Table  5)*  In  addition*  in  the  MMH  +  N02 
ayatem,  CH3OOH  (In  excess  MMH  only),  CH3OH,  and  two  unknown  producta  were 
obaerved*  and  peroxynltrlc  (H00N02)  waa  formed  aa  a  tranalant  Intermediate  In 
the  abaence  of  NO,  Indicating  the  Intermediacy  of  H02  radical*.  In  both  N2H^ 
and  MMH  caeea*  the  reactant  atolchlometry *  product  yields  and  (for  N2H^) 
apparent  reaction  ratea  depended  on  reaction  conditioner 

The  reaction  of  N02  with  UDMH  In  the  abaence  of  NO  appeara  to  be  simpler 
than  la  the  case  with  the  other  hydra2lnea.  The  only  producta  observed  were 
HONO  and  tatramethyltetrasene-2  (TMT),  with  the  product  ylelda  and  reactant 
atoichlometriea  being  conslatent  with  the  overall  process  being  UDMH  +  2  N02-* 
2  HONO  +  1/2  TMT,  independent  of  the  initial  [N02]/[UDMH]  ratio.  In  addition, 
the  apparent  reaction  rates  were  also  unaffected  by  the  Initial  reactant 
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TABLE  4.  SUMMARY  OF  RESULTS  OF  THE  N2H4  +  NOj,  CHAMBER  EXPERIMENTS. 


Excasa  N2H4 

Excess  NO 

Excess  N02 

Initial  Concentration  (ppm) 

n2h4 

8 

4 

4 

NO 

no2 

2 

19 

4 

20 

Apparent  k(N02  +  N2H4) 

(10”^  ppm”*  min"*) 

15 

3.5 

Yiald/A(N2H4]a 

-A(N02] 

1.1 

1. 3b 

1.8 

(HONO] 

0.6 

0.9 

1.4 

[N2H4.HN03  Salt ]c 

0.13 

0.2 

0.4 

[n2o] 

0.04 

0.15 

0.2 

[HHj] 

0.08 

0.2 

0.3 

N2H2  Detected? 

yes 

no 

no 

*a[N2H4]  corrected  for  N2H4  dark  decay  In  the  chamber. 
^AtNOj]  corrected  by  subtracting  the  estimated  amount  of  N02 
formed  from  the  reaction  NO  +  NO  +  02  -*■  2  N02. 
cCalibration  from  a  separate  N2h4  +  HNO3  run. 


TABLE  1 ..  SUMMARY  OF  RESULTS  OF  THE  MMH  +  NOj  CHAMBER  EXPERIMENTS. 


Excess  MMH 

Excess  NO 

Excess  N02 

Initial  Concentration  (ppm) 

MMH 

NO 

9 

4 

19 

4 

no2 

5 

2 

19 

Apparent  k(N02  +  MMH) 

(10“3  ppm”*  min”*) 

4 

3 

Yield/A [MMH]* 

-a[no2] 

1.3 

0.8b 

2.9 

[HONO] 

1.0 

1.4 

1.4 

[CH3NNH] 

0.2 

0.2 

0.3 

[CH3OOH] 

0.4 

<0.1 

<0.1 

[CH3OH] 

0.03 

0.02 

0.03 

[n20] 

<0.01 

0.05 

0.01 

[nh3] 

0.03 

0.02 

0.02 

Relative  Yield/A [MMH] 

Unknown  1 

1 

1 

13 

Unknown  2 

0 

2 

1 

H00N02  Observed? 

yes 

no 

yes 

*A[MMH]  corrected  for  MMH  dark  decay  in  Che  chamber. 
bA[N02]  corrected  by  subtracCing  the  estimated  amount  of  NC>2 
formed  from  the  reaction  NO  +  NO  +  02  2  NO2. 


TABLE  6.  SUMMARY  OF  RESULTS  OF  THE  UDMH  +  N02  CHAMBER  EXPERIMENTS. 


■ 

Excesa  UDMH 

Excess  NO 

Excess  N02 

Initial  Concentrations  (ppm) 

UDMH 

10 

3 

4 

NO 

15 

no2 

4 

3 

19 

Apparent  k(N02  +  UDMH) 

<10‘2  ppm"1  min"1) 

3.5a 

3.6 

Yleld/A [UDMH] 

-a[no2] 

2.1 

2.0b 

2.1 

[HONO] 

2.1 

1.7 

2.1 

((ch3)2nnnn(ch3)2] 

O.S 

0.2 

0.5 

I(ch3)2nno] 

0 

0.05 

0 

[n2o] 

<0,02 

0.17 

<0.01 

Relative  Yield/A [UDMH] 

Unknown 

<0.04 

1 

<0.02 

•Corrected  using  a  stolchiomatric  factor  of  2  when  relating 
N02  decay  to  the  reaction  rate. 

bA[N02]  corrected  by  subtract ing  the  estimated  amount  of  N02 
formed  from  the  reaction  NO  +  NO  +  02  -*■  2  N02« 


concentrations*  On  the  other  hand.  In  the  presence  of  NO,  the  yields  of  TMT 
and  (to  a  lesser  extent)  HONO  were  reduced,  and  the  formation  of  N20,  NDMA, 
and  an  unknown  product  ware  observed,  Indicating  that  NO  reacta  with  the 
intermediate^ )  involved  in  TMT  formation. 
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m- 

A,* 

to 


REACTIONS  OP  HYDRAZINES  WITH  NITRIC  ACID  AND  FORMALDEHYDE 


Several  experiments  ware  also  conducted  to  investigate  the  reactions  of 
the  fuel  hydrazines  with  HNOj  and  HCHO.  All  three  hydrazines  were  observed  to 
react  with  HNO3  at  rates  too  fast  to  measure,  forming  the  corresponding 
monobasic  salts,  (No  similar  reactions  with  HONO  were  evident),  NjH^  and 
UDMH  were  also  observed  to  react  with  HCHO  in  the  gas  phase,  with  1:1  reactant 
stoichiometry,  to  form  the  corresponding  formaldehyde  hydrazonea  [H2N-NCH2  and 
(CH3)2NNmH2l«  However,  the  concantrat ion-time  profiles  were  not  consistent 
with  these  reactions  being  simple  second  order  processes,  and  the  mechanism 
may  be  in  part  heterogeneous.  A  transient  intermediate,  possibly  NH2NHCH2OH, 
was  observed  in  the  HCHO  +  N2H4  system,  though  no  such  intermediate  was 
evident  in  the  UDMH  case.  The  MMH  +  HCHO  reaction  was  not  studied. 

DISCUSSION 


REACTIONS  OF  HYDRAZINES  WITH  OZONE 


The  results  of  our  experiments  suggest  that  the  mechanisms  of  O3  reac¬ 
tions  with  N2H4  and  MMH  may  be  similar  in  their  overall  features,  but  that 
there  are  distinct  differences  in  the  case  of  the  UDMH  +  O3  reaction.  In  the 
case  of  N2H4  and  MMH,  the  observed  dependencies  of  stoichiometry,  product 
yields  and  integrated  OH  radical  levels  or  initial  reactant  ratios  are 
consistent  with  the  following  processes  where  OH,  hydrazyl  radicals  (H2N-NH  or 
CH3NH-NH),  and  the  diazones  (HN-NH  or  C^N^NH)  act  sa  the  chain  carriers. 


Initiation: 


RNHNHj  +  03 


RNH-NH  +  OH  +  0, 


RN-NH2  +  OH  +  02 


(1) 


(R  -  H  or  CH3) 


Propagation: 


RNHNHj  +  OH  RNH-NH  +  HjO 


(2) 
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RNH-NK 

rn-nh 2 

RN-NH  + 

Termination: 


+  02  RN-NH  +  H02 
03  RN-N  +  OH  +  Oj 


RN-NH  +  OH  RN-N  +  HjO 


Product  formation: 


RN-N  R.  +  N2 
M 

R.  +  02  R02 

ho2  +  H02  h2o2  +  02 
ho2  +  CH302  CH3OOH  +  fl2 

HCHO  +  CH-OH  +  0 

CH-0,  +  CH,0. 

J  1  +  2CH30.  +  02 

CH30.  +  02  -*•  HCHO  +  H02 


(3) 

(4) 


(5) 


(6) 

(7) 

(8) 

(9) 

(10) 


(ID 


This  mechanism  ia  consistent  with  most  of  results  for  the  N2H^  and  MMH 
systems,  except  that  it  does  not  account  for  the  observed  formation  of  diazo- 
methane  in  the  MMH  4-  03  system.  The  fact  that  dlazomethane  formation  la  not 
suppressed  by  the  addition  of  radical  traps  Indicates  that  it  is  not  due  to  an 
OH  radical  reaction  ns  we  had  Initially  proposed  (References  2  and  3).  Diazo¬ 
methane  is  most  likely  a  product  of  the  reaction  of  ozone  with  methyldiazene, 
although  the  details  of  its  formation  are  uncertain. 

UDMH  differs  from  the  other  hydrazines  in  that  the  hydrazyl  radical, 
presumed  to  be  formed  in  the  initial  reactions  of  UDMH  with  03  or  OH  radicals, 
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cannot  react  with  O2  to  form  a  diaaene.  The  moat  reasonable  mechanism  is  that 
the  radical  Instead  reacts  with  ozone,  resulting  in  the  ultimate  formation  of 
the  observed  products  MIMA  and  H2O2  [the  latter  being  formed  from  HO2  via 
reaction  (8),  above]. 

e 

(CH3)2N-NH  4  03  f  (CH3)2N-NMO.  +  o2  (ch3)n-no  4  ho2 

(NDMA) 

The  other  products  observed  can  be  attributed  to  subsequent  reactions  of  NDMA 
with  OH  radicals,  since  the  yields  of  these  products  decreased  while  that  of 
NDMA  increased  In  the  presence  of  radical  traps.  However,  thle  mechanism  does 
not  account  for  the  fact  that  the  H202  yields  are  much  lower  in  the  UDMH 
system  than  for  the  other  hydrasines. 

Although  reasonable,  the  above  mechanisms  must  still  be  regarded  as 
uncertain,  since  the  possibility  of  other  processes  being  significant,  e.g., 
reactions  of  H02  with  the  hydrazines,  cannot  be  ruled  out.  Moreover,  the 

initial  ozone  4  hydrazine  reaction  is  itself  uncertain,  since  there  is  an 

alternative  possibility  involving  0-atom  transfer,  forming  sn  N-oxlde  inter¬ 
mediate,  which  presumably  would  undergo  subsequent  rearrangement  and  elimina¬ 
tion  of  H20,  resulting  in  the  eventual  formation  (in  the  N2H4  or  MMH  systems) 
of  the  observed  dlazene  products. 

? 

RHN-NH2  +  03  -*■  RHN-NH2  -*■  RHN-NHOH  +  RN-NH  +  H20 

There  is  evidence  that  N-oxidas  are  intermediates  in  the  reactions  of  0(3p) 
atoms  with  amines  and  hydrazines  (References  7  and  8),  and  the  results  of  our 
N2H4  4  03  and  MMH  4  03  experiments  are  not  inconsistent  with  a  mechanism 
involving  N-oxlde  intermediates.  On  the  other  hand,  it  is  difficult  to 

rationalize  our  UDMH  4  03  results  based  on  such  a  mechanism,  and  thus  for  UDMH 

the  mechanism  discussed  earlier  is  preferred. 


REACTIONS  OF  THE  HYDRAZINES  WITH  N02 

The  most  likely  initial  process  in  the  reactions  of  the  hydrasines  with 
N02  la  H-atom  abstraction,  forming  the  nitrous  acid  and  a  hydrasyl  radical, 
with  the  latter  (in  the  case  of  N2H4  and  MMH)  subsequently  reacting  with 
oxygen  to  form  the  corresponding  diaaene: 

RMHNH2  +  NO  2  +  RNH-NH  +  HONO 

a 

RNH-NH  +  02  RN-NH  +  HOj  (R-H  or  CHj) 

Dlasene  and  mathyldlaaane  apparently  react  with  N02,  with  the  reaction  of  the 
former  probably  being  faster*  However,  we  are  unable  to  reconcile  all  of  our 
results  in  the  N02  +  n2H4  and  N02  +  MMH  systems  with  a  satisfactory  reaction 
mechanism*  Particular  uncertainties  concern  the  fates  of  H02  and  CH302 
radicals  in  these  systems  (if  indeed  they  are  formed),  and  the  source  of  HNO3 
which  is  a  precursor  to  the  observed  nitrate  salts  when  they  are  formed  in  the 
absence  of  NO. 

In  contrast  to  the  N02  +  N2H4  and  the  N02  +  MMH  systems,  the  N02  +  UDMH 
system  appears  to  be  much  simpler*  In  the  absence  of  NO,  the  only  significant 
products  formed  were  HONO  and  tetramethyltetrasene-2  (TMT),  with  the  reactant 
stoichiometries  and  product  yields  being  consistent  with  the  following  subse¬ 
quent  reactions  of  the  initially  formed  (CHj^N-NH  radicals 

•  +  — 

(CH3)2N-NH  +  N02  +HONO  +  (CH3)2N-N 

+  — 

2  (CH3)2N«N  + (CH3)2N-N-N-N(CH3)2 

(TMT) 

When  NO  is  present,  it  could  react  with  the  hydrasyl  radical  to  form  the 
nitronohydrasina,  with  the  latter  undergoing  a  secondary  reaction  with  N02  to 
ultimately  give  rise  to  N20  and  N-nitrosodimathylamlne.  This  is  discussed  in 
detail  elsewhere  (Reference  9)* 
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CONCLUSIONS 


A  major  overall  concluaion  which  can  be  drawn  from  ehls  and  previous 
studies  of  the  fuel  hydraalnes  is  that  these  compounds  arc  extremely  labile, 
that  they  can  undergo  a  wide  variety  of  reactions  under  atmospheric  condi¬ 
tions,  and  that  in  some  cases  these  reactions  involve  the  formation  of 
products  which  are  more  hasardous  than  the  hydraalnes  themselves.  Examples  of 
these  products  are  N-nitrosodimathylamine  from  UDMH  and  dlasomethane  from 
MMH.  Thus,  an  understanding  of  the  consequences  of  and  appropriate  responses 
to  accidental  releases  of  these  hydraalnes  into  the  atmosphere  requires  not 
only  the  ability  to  predict  their  atmospheric  lifetimes,  but  also  to  predict 
the  nature,  formation  rates,  and  fates  of  their  reaction  products.  This  in 
turn  requires  an  understanding  of  the  details  of  the  atmospheric  reaction 
mechanisms  of  these  hydraalnes  and  amines  in  general,  as  well  as  those  of 
their  major  oxidation  products. 

The  results  of  our  chamber  studies  of  the  fuel  hydraalnes  have  provided 
Important  clues  concerning  the  mechanisms  of  the  reactions  of  these  compounds 
with  03  and  N02  in  the  dark,  and  Indirect  information  concerning  their  reac¬ 
tions  with  OH  radicals,  the  latter  being  probably  a  significant  loss  process 
of  the  hydrasinen  in  sunlight.  However,  our  chamber  experiments  do  not 
repreaent  the  full  range  of  conditions  under  which  these  hydraalnes  might 
react  in  the  atmosphere,  and  many  significant  uncertainties  remain  concerning 
their  reaction  mechanisms  even  for  the  relatively  limited  sets  of  conditions 
which  we  have  studied.  Much  more  research  of  fundamental  nature  is  needed 
before  we  can  predlctively  model  the  consequences  of  the  release  of  the  fuel 
hydraalnes  into  the  atmosphere. 
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ABSTRACT 

Tha  surfaca-catalyzad  air  oxidation  raactiona  of  fual 
hydrazinaa  wara  studiad  in  a  6500-litar  fluorocarbon-film  chambar 
at  80  to  100  ppm  conoantrationa .  First-ordar  rata  constants  for 
tha  raaotiona  catalyzad  by  aluminum,  watar-damagad  aluminum 
(AI/AI2O3),  atainlaaa  ataal  304L,  galvanizad  ataal  and  titanium 
platas  with  aurfaca  araaa  of  2  to  24  m2  wara  datarminad.  With 
23.8  m2  of  AI/AI2O3  tha  surfaca-catalyzad  air  oxidation  of 
hydrazina  had  a  half-lifa  of  2  hours,  diimida  (N2H2)  was  obaarvad 
aa  an  intarmadiata  and  tracaa  of  ammonia  wara  praaant  in  tha 
final  product  mixtura.  Tha  AI/AI2O3  catalyzad  oxidation  of 
monomethylhydrazine  yialdad  mathyldiazana  (HN-NCH3)  aa  an 
intarmadiata  and  tracaa  of  mathanol.  Unsymmatrical 
dimathylhydrazina  gava  no  datactabla  products.  Tha  ralativa 
raactivitias  of  hydrazina,  MMH  and  UDMH  wara  130  :  7.3  :  1.0, 
raspactivaly. 

Tha  rata  constants  for  Al/Al203-catalyzad  oxidation  of 
hydrazina  and  MMH  wara  proportional  to  tha  squara  of  tha  surface 
area  of  tha  plates.  Mechanisms  for  tha  surfaca-catalyzad 


oxidation  of  hydrazina  and  diimide  and  the  formation  of  ammonia 
ara  proposad. 

INTRODUCTION 

Hydrazina  and  its  alkyl-substituted  darivativas  ara 
important  mambars  of  tha  high  anargy  fuals  uaad  in  military  and 
aarospaoa  applioations.  Tha  toxioity  of  tha  hydrazina  fuals 
(Rafaranoa  1)  hava  ganaratad  oonsidarabla  intarast  in  thair 
anvironmantal  fata.  In  an  affort  to  aooass  tha  anvironmantal 
impact  of  acoidantal  or  intantional  spills  of  tha  fual 
hydrazinas,  thair  gas  phasa  dacompositi on  rat as  ara  raquirad. 
Pravious  workers  (Rafaranoas  2-5)  hava  notad  that  aurfaoa 
raaotions  intarfara  with  gas  phasa  studias  by  dramatically 
af footing  tha  daoomposition  kinatios.  Incraasing  tha  aiza  of  tha 
reaction  vassal  daoraasas  tha  surface  to  volume  ratio  thus 
minimizing  tha  affects  of  container  walls.  This  work  involved 
tha  use  of  a  fluorocarbon  film  chamber  with  a  surface  to  volume 
ratio  of  3.39  m"1  to  determine  tha  affects  of  common  metal 
surfaces  on  tha  gas  phasa  hydrazina  daoomposition  kinetics  with 
minimal  chamber  wall  intarf arancas . 

EXPERIMENTAL 


APPARATUS 

A  fluorinated-ethylane  propylene  (FEP)  polymer  film  chamber, 
2.44  m  x  2.44  m  x  1.22  m,  was  constructed  from  0.13  cm  (5  mil) 
sheets.  Tha  joints  wars  haat-saalad  and  reinforced  with 
poly (tatrafluoroathy lane)  (TFE)  pressure-sensitive  tape.  Tha 
chamber  was  supported  by  an  outside  matal  framework  and  tha 
framework  covered  by  a  0.025  cm  (10  mil)  thick  poly (ethylene) 
liner.  A  5  cm  purgaabla  air  space  between  tha  inner  FEP  and 
outer  poly (ethylene)  liner  provided  thermal  and  mechanical 
protection.  A  250  mL  gas  sampling  bulb,  wrapped  in  heating  tape, 
acted  as  an  injector  system  where  tha  hydrazina  fual  could  be 
vaporized  and  transferred  into  tha  chamber  by  nitrogen  flow.  The 
chamber  could  be  vented  through  a  5  cm  TFE  pipe-exhaust  stack.  A 
1.22  m  x  .91  m  FEP  door,  sealed  with  TFE  tape  and  covered  with 
poly (ethylene)  sheet,  provided  access  to  the  chamber  interior. 
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The  chamber  wae  also  fitted  with  a  30.5  cm  TFE-coated  variable- 
speed  fan  to  provide  mixing. 

Changes  in  reactant  and  product  concentrations  were 
monitored  using  a  Mattson  Sirius  100  Fourier  transform  infrared 
spectrometer  with  a  remote  HgcdTe  detector  and  a  multiple-path 
optical  system  (White  cell)  of  74.9  m  pathlemjth.  The  White  cell 
consisted  of  two  20.3  cm  field  mirror  and  an  in-focus  mirror 
with  2.45  cm  ZnSe  windows.  The  mirrors  were  gold  coated  and  held 
in  TFE-coated  frames.  Except  for  th*  ZnSe  windows  and  the  gold 
mirror  surfaces,  the  entire  interior  surface  of  the  chamber  was 
FEP  or  TFE  Teflon.  Data  collection  was  carried  out  at  1  cm”1 
resolution. 

MATERIALS 

Hydrazine  and  monomethylhydrazine  (MMH)  were  propellant 
grades  (Olin)  analyzed  according  to  M1L-P-26536-C  and  MIL-P- 
2740413.  Unsymmetrioal  dimethylhydrazine  (UDMH) ,  (Aldrich),  was 
reagent  grade  and  used  as  received.  Sheets  of  .16  cm  (20  gauge) 
stainless  steel  304-L,  hot  dipped  galvanized  steel  (zinc), 
titanium  6A1-4V  and  aluminum  6061-T6  were  cut  into  .46  m  x  .46  m 
plates.  Serendipity  provided  the  A1/A1203  sample  when  a  lot  of 
aluminum  was  left  in  the  bed  of  an  open  pick-up  truck  during  a 
rain  storm.  A  white  crystalline  aluminum  oxide  formed  which 
encrusted  the  water  damaged  aluminum  sheets.  Surface  areas 
reported  here  refer  to  mensurated,  not  actual  surface  areas. 

PROCEDURE 

In  a  typical  experiment,  the  requisite  number  of  metal 
plates  were  placed  vertically  in  TFE  racks  in  the  FEP 
environmental  chamber  which  was  then  purged  with  clean  air  for  6 
hours  at  300  L/min  to  provide  17  turnovers  of  the  6500L  chamber 
atmosphere.  The  inner  purge  was  then  halted  and  the  liner  purged 
at  150  L/min.  A  background  reference  spectrum  was  taken  followed 
by  vaporization  of  0.5  to  1.75  mL  (60  -  100  ppm)  of  hydrazine 
fuel  into  the  chamber.  High  speed  stirring  with  the  mixing  fan 
was  carried  out  during  injection  followed  by  low  speed  stirring 
during  actual  data  collection.  Immediately  after  vaporization  of 


fuel  was  completed,  data  acquisition  was  started  via  automatic 
program  such  that  sample  spectra  were  acquired  at  specified 
intervals . 

The  hydrazine  loss  rate  was  determined  by  integrating 
suitable  analytical  infrared  bands  as  the  reaction  oocurred.  A 
plot  of  the  log (area)  versus  time  was  treated  by  least  squares 
analysis,  the  slope  yielding  the  first-order  rate  constant. 

RESULTS 

The  first-order  background  rate  constants  (k^g)  in  the  FEP 
chamber  for  hydrazine,  MMH  and  UDMH  are  4.78  x  10"s,  10.2  x  10”6, 
and  3.19  x  10~6  dec-1,  respectively.  Plots  of  the  log(area) 
versus  time  were  linear  and  followed  first-order  kinetics  except 
for  hydrazine,  for  which  a  non-linear  portion  was  observed  in  the 
first  6  to  8  hours.  This  portion  of  the  decay  curve  was  not 
included  in  the  calculation  of  the  background  rate.  Stone  and 
others  have  ascribed  these  background  loss  rates  to  physical,  not 
chemical,  processes  and  the  initial  curvature  has  been  discussed 
in  detail  els ewbore  (References  6  -7) .  The  average  half-life  for 
hydrazine  background  loss  was  40.3  hrs. 

Rates  for  the  disappearance  of  the  fuel  hydrazines  in  the 
presence  of  Al/AljOs,  titanium,  304-L  SS,  zinc  and  aluminum 
plates  (Tables  1  and  2}  were  2  to  100  times  faster  than  the 
background  rates  in  the  empty  chamber.  The  most  reactive  surface 
proved  to  be  the  AI/AI2O3  plates  and  the  least  reactive  was 
aluminum.  The  surface-catalyzed  rate  constants  (kcat)  for 
hydrazine  decomposition  shown  in  Tables  1  and  2  were  determined 
by  subtracting  kj^g  from  k0^B. 

In  the  presence  of  high  surface  area  (23.83  m2)  of  AI/AI2O3 
the  appearance  of  new  bands  at  3180  -  3050  and  1380  -  1275  on*1 
were  observed  and  identified  as  diimide,  H-N-N-H  (Reference  8). 
Diimide  reached  a  maximum  concentration  approximately  1.5  hours 
after  the  start  of  the  run  (Figure  1) .  After  10  hours  no 
hydrazine  01  diimide  remained,  however  approximately  3  to  5 
percent  of  the  initial  hydrazine  concentration  was  present  as 
ammonia.  Ammonia  was  never  seen  in  the  background  runs.  With 


TABLE  1.  RATE  CONSTANTS  FOR  THE  AIR  CATALYZED  OXIDATION 
OF  HYDRAZINE  ON  METAL  SURFACE  AREAS,  22  13  *C 


Matal 

Araa 

m2 

^ba 

aac"1 

(x  10"5) 

^at 

aac"1 

(x  10"5) 

A1/A12o3 

23.83 

50.80 

50.40 

h 

N 

63.90 

63.40 

n 

23.83 

53.90 

53.40 

n 

13.37 

10.50 

9.99 

n 

N 

8.33 

7.86 

n 

6.69 

3.24 

3.24 

11 

3.34 

1.33 

0.86 

Zinc 

21.32 

1.38 

0.91 

11 

19.23 

1.33 

0.86 

Titanium 

2.11 

0.69 

0.22 

SS  304-L 

20.91 

0.99 

0.52 

Aluminum 

20.90 

1.00 

0.52 

11 

11 

0.87 

0.40 

Blank 

0.00 

0.48 

amallar  aurfaca  araaa  of  AI/AI2O3  or  with  othar  matala  tha 
buildup  of  dataotabla  oonoantratlona  of  diimida  waa  not  obaarvad. 
Numarlcal  analyala  of  appaaranca/dlaappaaranca  curvaa  for 
dilmlda,  traatad  aa  two  oonaacutlva  firat-ordar  raactlona,  givaa 
9.7  x  10"®  aac"1  and  3.3  x  10"4  aac"1  aa  tha  formation  and  daoay 
rata  oonatanta.  Tha  maximum  ooncantration  la  aatlmatad  to  ba  18 
paroant. 

Tha  background  rata  for  MMH  loaa  (Tabla  2)  from  tha  FEP 
chambar  waa  faatar  than  althar  hydrazlna  or  UDMH  with  an  avaraga 
half-lifa  of  18.9  houra.  Tha  AI/AI2O3  matal  plataa  again 
axhlbltad  tha  graataat  raactlvlty  with  MMH,  howavar  at  high 
aurfaca  araa  tha  obaarvad  rata  waa  only  four- fold  faatar  than  tha 
background  rata.  Mathanol  (3-9  parcant  of  tha  Initial  MMH 
ooncantration)  and  tracaa  of  mathyldlazana  (Rafaranca  9)  wara  tha 
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TABLE  2.  RATE  CONSTANTS  FOR  THE  AIR  CATALYZED  OXIDATION  OF 
MMH  AND  UDMH  ON  METAL  SURFACE  AREAS,  26  ±  3  *C 


kobs 

*cat 

Area 

sec"1 

sec"1 

Metal 

m2 

(x  10”s) 

(x  10“5) 

A1/A1203 

23.83 

3.33 

2.32 

n 

H 

4.06 

3.04 

N 

H 

4.17 

3.15 

II 

12.12 

1.94 

0.93 

It 

11.70 

1.81 

0.79 

SS  304-La 

20.91 

3.58 

2.57 

wa 

it 

3.86 

2.85 

Zinc 

20.90 

1.79 

0.77 

h 

H 

1.76 

0.75 

Aluminum 

20.90 

1.31 

0.29 

n 

N 

1.17 

0.15 

Blank 

0.00 

1.02 

- 

Al/Ala03b 

23.83 

0.75 

0.43 

nb 

11 

0.53 

0.21 

Blankb 

0.00 

0.32 

- 

a  Temperature  31  ±  2  *c 
b  UDMH  at  100  ppm 

only  products  observed  In  the  praaanoa  of  matal  plataa.  A 
smaller  (2  percent  of  the  Initial  MMH  concentration)  yield  of 
methanol  wae  observed  in  background  runs. 

The  slowest  background  rate  (Table  2)  was  observed  for  UDMH 
disappearance  with  an  average  half-life  of  60.3  hours.  No 
products  were  observed.  Lack  of  reactivity  was  evidenced  by  a 
mere  doubling  of  k0b*  in  the  presence  of  23.83  m2  of  AI/AI2O3  and 
no  further  experiments  were  conducted. 
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"  Figure  1.  Diimide  Concentration  ae  Integrated  Area 
(1350  -  1210  A'cnT1)  Versus  Tine  for 
Hydrazine  and  23.8  m2  A1/A1203 

DISCUSSION 

The  rate  data  for  hydrazine  and  MMH  oxidation  with  various 
numbers  of  AI/AI2O3  plates  indicates  that  Kcat  increases  as  the 
square  of  the  surface  area.  A  plot  of  log(koat)  against 
log(area)  for  both  hydrazine  and  MMH  shows  the  data  close  to 
theoretical  lines  of  slope  2,  (Figure  2).  The  rate  expression 
for  the  disappearance  of  hydrazine  or  MMH  is: 

rate  -  k  (hydrazine]  [surface  area]2 

The  observed  rate  expression  is  consistent  with  a  kinetic 
scheme  involving  equilibrium  adsorption  of  hydrazine  and  oxygen 
on  different  sites  followed  by  an  irreversible  bimolecular 
reaction. 
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Figure  2.  Log (kcat)  Versus  Log (Ares)  for  Hydrazine 

and  MMH  on  23.8  ma  of  AI/AI2O3.  Lines  Shown 
Have  a  Slope  of  2 

The  relative  reactivities  of  the  fuel  hydrazines  toward 
AI/AI2O3  are: 


hydrazine  >  MMH  >  UDMH 


The  diaappearanoe  of  hydrazine  and  the  appearance  of  the 
intermediate  diimide  catalyzed  by  a  metal  surface  in  air  can  be 
described  by  the  mechanism  shown  in  Scheme  1.  Hydrazine  vapor  is 
adsorbed  onto  the  metal  oxide  surface  via  hydrogen  bonding.  An 
oxidative  dehydrogenation  proceeding  through  a  6  membered-ring 
transition  state  yields  diimide  and  a  metal  hydroxy  hydride. 
Similarly,  diimide  can  further  react,  after  desorption/ 
adsorption,  through  the  same  type  of  transition  state  to  yield 
nitrogen  and  another  surface  hydroxy  hydride.  The  hydride 
molecules  aan  undergo  reductive  elimination  to  yield  a  reduced 
surface  and  water.  Since  these  reactions  occur  in  air  the 
reduced  surface  is  re-oxidized  from  that  source. 
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In  our  experimanta ,  ammonia  waa  noted  aa  a  traoa  (<  5 
paroant)  product  only  whan  aotiva  matal  aurfaoaa  vara  praaant. 
Othar  workara  (Rafaranoa  2)  hava  dataotad  ita  formation  in  blank 
rune,  but  aoma  axpoaad  matal  aurfaoaa  wara  praaant  in  thair 
chambara.  Thia  machanistioally  eignificant  raduotion  product 
daaarvaa  daapar  conaidaration  in  viaw  of  ita  importance  in 
hydrazine  decompoaitiona  in  general,  and  ita  role  aa  final 


t+'d  a  s.  m\i  wU->»v  *  j  a  w  WU  w  h  V  aU  MU  nTU  h'L  m  ^ 


product  in  nitrogen  fixation.  A  mechanism  accounting  for  the 
overall  reaction  in  which  hydrazine  and  water  react  with  a  metal 
surface  to  yield  two  ammonia  molecules  and  oxidized  metal  surface 
is  shown  in  Scheme  2.  The  initially  formed  Lewis  acid  adduct 
undergoes  a  proton  transfer  and  the  resulting  intermediate 
partitions  between  two  reaction  routes t  one  resulting  in  the 
formation  of  a  hydrazido(l-)  complex,  which  is  a  precursor  to 
diazenido-complexes ;  or  the  other  undergoing  an  ammonia 
elimination  concomitant  with  formation  of  an  imido  structure. 
Water  can  react  with  the  imido  compound  to  form  a  surface-bound 
hydroxy  amide.  Reductive  elimination  from  the  hydroxy  amide  leads 
to  ammonia  and  metal  oxide.  The  putative  intermediates  shown  in 
Scheme  7  are  similar  to  those  incorporated  in  general  nitrogen 
fixation  schemes  (Reference  10) . 

SCHEME  2 
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Although  the  low  reactivity  of  MMH  maker  it  difficult  to 
study  in  the  environmental  chamber,  the  chamber  results  are 
consistent  with  those  derived  from  flow  reactor  studies  at  higher 
temperatures.  Mechanistically,  our  proposals  are  similar, 
drawing  upon  several  common  structures  (Reference  11) ,  where  even 
the  observed  activity  order  was  the  same. 

Assuming  that  the  environmentally  important  surface  area  of 
a  metal  plate  is  its  mensurated  area,  the  relative  environmental 
reactivities  of  the  hydrazine  fuels  toward  exposed  motal  surfaces 
(per  unit  surface  area2)  can  be  calculated  and  a  ranking  of  the 
metals  obtained: 


Hvdrazlna 


ai/ai203  > 

Titanium 

>  Zinc  >  Aluminum,  304L  ss 

74 

46 

2  1 

MMH 

A1/A1203  > 

Zinc  > 

Aluminum 

11 

4 

1 

It  is  interesting  to  note  that  aluminum  with  its  normal 
smooth  oxide  coat  is  catalytically  unnotable,  however  any  process 
leading  to  a  thickening  of  the  oxide  coating  results  in  a  very 
catalytically  active  surface.  The  white  crystalline  material 
which  encrusted  the  water  damaged  aluminum  and  apparently 
resulted  in  the  dramatic  activity,  may  be  due  to  a  large 
microscopic  surface  area. 
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ABSTRACT 

A  naw  typa  of  gas  phasa  flow  raactor,  dasigiwd  to  permit 
tha  study  of  gas  phasa  raactions  naar  1  atm  of  prassura,  is 
described.  A  ganaral  solution  to  tha  flow/diffusion/raaction 
aquations  dascribing  raactor  performance  under  pseudo-first- 
ordar  kinetic  conditions  is  prasantad  along  with  a  discussion 
of  critical  raactor  parameters  and  raactor  limitations.  Tha 
rasults  of  numarical  simulations  of  tha  raactions  of  ozona  with 
monomathylhydrazina  and  hydrazina  ara  discussad,  and 
parformanca  data  from  a  prototypa  flow  raactor  ara  prasantad. 

INTRODUCTION 

Accurata  rata  and  mschanism  data  ara  naadad  for  a  wida 
variaty  of  gas  phasa  chamical  raactions,  both  to  furthar  our 
basic  understanding  of  Earth's  atmosphara  and  to  comply  with 
regulations  designed  to  protect  the  public  from  manmade  air 
pollution  (References  1  and  2).  A  wida  variaty  of  axparimantal 
techniques  for  tha  study  of  gas  phasa  chemical  processes  has 
bean  described  and  applied  to  atmospheric  problems  (Rafarances 
2  and  3).  Flow  reactors  (Rafarances  4  and  5),  flash  photolysis 
and  pulse  radiolysis  instruments  (Rafarances  6  and  7) ,  and 
environmental  chambers  (Reference  8)  have  all  bean  used  to 
further  our  understanding  of  tha  atmosphara  and  have  wall-known 


advantages  and  disadvantages  as  applied  to  particular 
reactions . 

The  flow  reactors  used  for  gas  phase  kinetic  studies, 
often  referred  to  as  fast-flow  systems,  operate  under  laminar 
flow  conditions  at  pressures  on  the  order  of  1  torr  (Reference 
9) .  Because  the  rate  constants  of  many  reactions  depend  on  the 
total  pressure  (References  2,  4,  and  5),  rate  data  taken  at  1 
torr  may  be  very  misleading  if  used  to  estimate  the  rate  of 
processes  at  or  near  760  torr.  Additionally,  while  the 
reactants  are  well-mixed  by  molecular  diffusion,  wall  reactions 
are  often  a  significant  and  not  easily  corrected  source  of 
experimental  error  (References  10  -  12) . 

This  paper  presents  a  new  type  of  flow  reactor  designed  to 
circumvent  some  of  the  limitations  of  the  fast-flow  systems. 

The  White  Sands  Test  Facility  (WSTF)  flow  reactor  is  designed 
to  operate  at  or  near  760  torr  of  pressure,  in  order  to  provide 
experimental  conditions  representative  of  the  troposphere.  In 
addition,  design  of  the  flow  and  reactant  introduction  systems 
has  reduced  or  eliminated  significant  wall  reactions. 

Reactants  are  still  mixed  by  molecular  diffusion,  perhaps  with 
some  assistance  from  local  small-scale  turbulence.  The 
diffusion  coefficient  depends  on  total  pressure  and  is  much 
smaller  at  1  atm  than  at  0.001  atm.  The  rate  of  diffusion 
transport  to  the  reactor  walls  is  thus  much  smaller.  In  this 
case,  however,  concentration  profiles  are  not  uniform  across 
the  reactor  cross  section,  and  equations  describing  the 
flow/diffusion/reaction  process  must  be  solved  to  obtain 
kinetic  data  from  the  experiment. 

BACKGROUND 

OVERVIEW  OF  THE  PROTOTYPE  FLOW  REACTOR 

A  concept  drawing  of  the  flow  reactor  is  shown  in  figure 
l.  A  diffuser  is  located  behind  flow-straightening  screens  to 
eliminate  turbulence,  providing  a  flat,  uniform,  laminar  flow 
field  for  an  inert  carrier-gas  containing  the  first  reactant. 


Row  Control  System 


The  second  reactant  is  delivered  as  a  vapor  in  carrier  gas 
and  is  introduced  by  an  array  of  small -diameter  porous  tubes. 
The  small  diameter  of  these  tubes  prevents  the  formation  of 
wake  vortices  (Reference  13).  These  tubes  are  oriented 
perpendicularly  to  the  flow  velocity  vector,  and  the  reactant/ 
carrier-gas  mixture  is  forced  out  of  the  porous  delivery  tubes 
with  a  small  positive  pressure.  Since  the  second  reactant  is 
introduced  only  by  the  portion  of  the  tube  array  indicated  in 
figure  1,  this  reactant  does  not  contact  the  walls.  The 
remaining  tubes,  as  well  as  those  parts  of  the  delivery  tubes 
alose  to  the  reactor  duct  walls,  serve  only  to  maintain  a 
uniform  flow  field. 

The  reactants  are  mixed  by  moleoular  diffusion,  possibly 
augmented  by  microsaale  turbulence  generated  by  the  delivery 
array.  However,  the  reactants  are  not  mixed  uniformly,  and  the 
reactant  concentration  is  a  function  of  position  in  the  duct. 
Reactant,  intermediate,  and  product  concentrations  are  observed 
downstream  of  the  delivery  array  using  a  White  Cell-FTIR 
spectrometer  system  (Reference  14) . 

GENERAL  FLOW  REACTOR  THEORY 

For  the  case  of  dilute  reactants  in  an  inert  carrier-gas, 
the  flow/diffusion/reaction  process  (References  15  -  18)  oan  be 
described  by 

If*  +  v*  $Ca  -  Dab  V2Ca  -  [Ii*iCi]Ca  eqn.  1 

St 

where: 

Ca  ■  the  concentration  of  a  species,  a,  as  a  function  of 
the  spatial  coordinates  and  time 
v  -  the  velocity  of  the  flowing  carrier-gas  stream  in 
the  laboratory  reference  frame 
V  -  the  grad  operator 

-  the  Laplacian  operator 

Cj_  ■  the  concentration  of  a  species,  i,  which  reacts 
with  the  species,  a 
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ki  -  th*  rat*  constant  for  th*  reaction  betwa«n  a 
and  i 

Dab  "  tha  diffusion  coefficient  for  the  species  a  in  the 
carrier  gas 

The  physical  significance  of  each  term  in  equation  1  is  as 
follows.  fCft/jt  is  the  rate  of  change  of  Ca  at  some  fixed 
point  in  the  reactor  (at  steady  state  fica/fit  -  0) .  The  change 
in  Ca  with  position  resulting  from  carrier-gas  flow  (forced 
convection)  is  given  by  v*$Ca.  Dab’72ca  is  the  change  in  ca 
with  position  resulting  from  molscular  diffusion.  Finally, 
Iilcicica  1*  the  change  of  Ca  with  position  resulting  from 
chemical  reaction.  The  solution  function  Ca(x,y,z,t)  for  a 
particular  reactor  configuration  allows  rate  constants  to  be 
obtained  from  experimental  data. 

In  the  following  general  solution  to  equation  1  under 
steady  state  oonditions,  Cartesian  coordinates  are  used  and 
pseudo-first-order  reaction  conditions  are  assumed.  Laminar 
flow  is  assumed  with  a  constant  flow  velooity.  An  important 
simplifying  assumption  is  that  diffusion  along  the  z-axis  is 
negligible  compared  to  convective  transport.  With  these 
assumptions,  equation  1  becomes  equation  2: 

v  «  Dab  [  iff*  +  -  tIi*iCi]Ca  eqn.  2 

5  z  fix*  fiy* 


Solution  of  equation  2  is  facilitatsd  by  substituting  th* 
trial  function  Ca  -  Ca'exp(_EkiCi/v) z  (References  15  and  19), 
which  yields  equation  3,  a  pure  flow/diffusion  problem. 
Formally,  equation  3  is  identical  to  a  large  class  of  transient 
diffusion  problems  for  which  solutions  exist  when  Ca'(x,y,z)  is 
an  analytic  function  at  soma  value  of  z  -  z0  and  when  on*  or 
more  other  constraining  (boundary)  conditions  are  given 
(References  19  and  20) . 


fi  <V 
fiz 


Dab  C 


fi2ca 

"fix7 


'  +  «*=.'] 

■  Ty* 


eqn.  3 
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Fortunately  Ca'  does  not  need  to  be  determined  explicitly. 
Equation  3  can  be  solved  by  separating  variables  (Reference  21) 
to  produce  a  solution  of  the  form  ca'(x,y,z)  *  X(x)¥(y)Z(z) . 

The  complete  solution  is  of  the  form 

ca(x,y,a)  -  X(x)Y(y)Z(z)exp(-EkiCi/v)z 

If  Ci  is  varied  systematically,  plots  of 

ln(Ca(x,y,z,Ci)/ca(x,y,z,Ci«0) )  against  return  ki/v  as  the 
slope.  The  Ca'  terms  cancel  identically. 

Zf  a  spectrometer  cell  is  used  to  measure  Ca,  the 
situation  is  more  complex.  In  this  case  the  measured  quantity 
is  the  average  value  of  Ca  in  the  spectrometer  cell,  Caave,  and 
is  given  by 

Caave  -  f  Ca(x,  y,  z,)dV0 
Va  JV0 

where  VQ  is  the  cell  volume. 

In  equation  4,  the  X(x)  and  Y(y)  components  of  ca'  cancel 
identically,  but  a  more  explicit  expression  for  Z(z)  is 
required.  In  general,  Z(z)  is  of  the  form  Z(z)  *  Bexp(-p2z) 
(Reference  19)  where  p2  and  B  are  separation  constants  to  be 
determined  by  application  of  the  boundary  and  initial  (z  -  0) 
conditions.  The  expression  for  Caave  can  now  be  integrated  for 
the  case  of  a  single  reactant,  Cj.,  to  give 

Caave  (Ci)  „  A(Ci) 

Caave  (Cj_  -  0)  A(Ci  -  0) 

-kiCiZi  -kiCiz2  eqn.  4 


v 


Kate  constants  can  be  obtained  by  plotting  (Caave(Ci)/ 
Caave(Ci“0))  -  (A(Ci)/A(Ci-0) )  where  A  is  the  absorbance 
signal.  The  separation  constant  B  cancels  identically,  and 
both  the  rate  constant,  ki,  and  the  remaining  separation 


constant,  p,  can  ba  datarminad  by  graphic  or  nonlinaar  modal ing 
methods . 


APPROACH 

These  flow  raactor  concapta  wara  davalopad  and  avaluatad 
by  numerical  aimulation  of  and  performance  measurements  on  tha 
prototype  wstf  flow  raactor  daaign.  Tha  numarical  simulation 
was  daaignad  to  battar  understand  how  tha  ideal  prototype 
reactor  would  perform.  Tha  performance  measurements  to  data 
were  made  to  see  if  the  prototype  reactor  can  produce  a 
carrier-gas  velocity  field  that  is  uniform,  laminar,  and  flat, 
as  required.  Understanding  tha  fluid  flow  charaotaristics  of 
tha  reactor  is  prerequisite  to  obtaining  valid  kinetic 
measurements. 

RESULTS  AND  DISCUSSION 
EVALUATION  BY  SIMULATION 

Numerical  Simulation  of  Flow  Reactor  Performance 

Tha  theoretical  treatment  presented  above  shows  that  rata 
data  can,  in  principle,  be  obtained  from  a  flow/diffusion/ 
reaction  system.  However,  this  treatment  provides  little 
insight  into  reactor  performance  or  reactor  limitations. 

For  the  case  of  diffusion  from  a  point  source  in  a  uniform 
velocity  field,  a  simple  closed-form  analytical  solution  to 
equation  3  can  be  found  (References  13  and  22) .  In  the 
prototype  reactor,  the  reactartt,  a,  is  introduced  into  a 
uniform  aarrier  flow  containing  one  reactant  at  a  uniform 
concentration,  Cj,.  We  will  consider  only  the  net  disappearance 
of  reactant  a. 

The  reactant  introduction  system  is  designed  to  resemble 
an  array  of  point  sources  that  produces  only  a  minimal 
disturbance  of  the  flow  field.  As  a  result,  the  prototype  flow 
reaotor  oan  be  represented  to  good  approximation  by  a  linear 
combination  of  point  source  solutions  (Reference  19) .  The 
linear  combination  of  point  sources  provides  an  explicit 
expression  for  ca'.  Ca  -  ca/exp(kiCjB/v)  as  before  (axial 
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diffusion  was  not  nsglsotsd  in  ths  point  source  solution;  use 
of  the  exponential  reaction  tern  is  an  approximation) . 

The  configuration  of  the  reactor  to  be  simulated  with  this 
approach  is  shown  in  figure  1.  At  z  -  0  an  array  of  point 
sources  can  be  described  as  a  stack  of  nine  source  lines 
symmetrical  about  y  ■  0,  x  -  0.  Each  source  line  is  composed 
of  401  points.  The  location  of  the  array  corresponds  to  the 
location  of  the  reactant  introduction  system  in  the  prototype 
reactor. 

The  point  souroe  solution  is  given  by 

Ca'P(x,y,*) 

-  v  rVxfr  +  v3  +  z2  -  2] 

■ _ wa  •  2  Dab 

4  t  nab  j**  +  y*  +  s* 

where  Wa  is  the  rate  of  introduction  of  species  a  in 
moles/ second.  The  expression  for  a  single  line  of  point 
sources  along  the  x-axis  is 

ca'L(x,y,ss)  -  XmCa'P  (x  -  mb,y,z) 
b  ■  0.1  cm, 

m  -  -200,  -199  ...  200 

which  describes  a  line  of  point  sources  40  cm  long  with  o.l  cm 
spaaing.  The  expression  for  the  final  array  is  given  by 

Ca'A(x,y,z)  -  ln  CaL(x,y  -  nd,z) 

d  -  0.32  am  eqn.  5 

n  ■  -4 ,  -3,  ...  3 

which  describes  an  array  of  nine  line  sources  symmetrical  about 
y  -  0  with  0.32  cm  between  lines. 

The  reactor  simulation  was  carried  out  on  an  IBM  PC-XT  by 
direct  calculation  of  equation  5  using  the  Math  Cad  software 
package  from  Math  Soft,  Inc.  (Reference  23).  Concentration 
profiles  were  calculated  for  the  hydrazine  -  ozone  reaction  and 
the  monomethylhydrazine  (MMH)  -  ozone  reaction.  In  addition, 
Caave  for  a  hypothetical  spectrometer  white  cell  was  estimated 
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for  several  different  ozone  concentrations,  in  effect 
simulating  an  actual  kinetic  experiment.  The  carrier  flow 
velocity  was  10  cm/ sec,  and  the  reaction  rate  constants  were 
those  measured  or  estimated  by  Tuazon  et  al  (Reference  24) :  1 

x  10-16  cm3  molecule-1  sec-1  for  hydrazine  and  1  x  10-15  cm3 
molecule-1  sec-1  for  MMH.  The  diffusion  coefficients  used  were 
0.39  cm2/ sec  for  hydrazine  and  0.15  cm2/ sec  for  MMH. * 

Calculated  hydrazine  and  MMH  concentrations  in  the  x  «  o 
plana  are  plotted  for  several  different  values  of  z  in  figures 
2  and  3.  Ozone  is  assumed  to  be  present  at  3.0  x  10-8  mol/cc. 
Diffusion  results  in  a  rapid  smoothing  of  the  concentration 
profile  and  rapid  achievement  of  reasonable  pseudo-first-order 
kinetic  conditions.  Direct  calculation  also  shows  that  the 
hydrazine  or  MMH  concentrations  at  the  reactor  walls  are 
effectively  zero  throughout  the  kinetic  measurement  section. 
Hydrazine  and  MMH  both  decay  rapidly  along  the  z-axis  when 
ozone  is  present.  Figure  4  shows  the  decay  of  hydrazine  and 
MMH  along  the  z-axis  under  the  same  conditions  as  those  assumed 
in  calculating  figures  2  and  3.  The  decay  curves  show  that 
hydrazine  or  MMH  concentration  in  the  spectrometer  cell  depends 
on  kjCi  and  the  flow  velocity,  v. 

Calculated  values  of  Caave  and  the  corresponding  peak 
absorbance  values  as  a  function  of  ozone  concentration  are 
shown  for  hydrazine  and  MMH  in  table  1.  Reasonable  absorbance 
values  can  be  obtained  over  a  range  of  ozone  concentrations 
which  permits  recovery  of  the  net  disappearance  rate  constants 
for  MMH  and  hydrazine. 


The  MMH  diffusion  coefficient  was  derived  from 
measurements  made  at  White  Sands  Test  Facility  using  gas 
chromatography  (results  to  be  published).  The  diffusion 
coefficient  for  hydrazine  was  derived  from  the  data  of 
R.L.  Johnson  and  P.G.  Bhuta  in  the  TRW  Systems  (One  Space 
Park,  Redondo  Beach,  California)  final  report  07232-6032- 
R0-00,  August  15,  1969. 
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2=  0,2  cm 
Z=  1,0  cm 


Y  cm 

Figure  2.  Calculated  Hydrazine  Concentration 
Hydrazine  concentration  aa  a  function  of  the  y-ooordinate 
for  x  »  0  and  three  different  values  of  z  downstream  of 
the  introduction  array.  Conditions:  P  -  760  torr,  T  - 
300  Kf  v  -  10  cm/aac,  03  ■  3.0  x  10”8  moles/co, 
hydrazine/MKH  introduction  rate  is  constant 

Critical  Parameters  and  Limitations  of  Flow  Reactors 

The  quantity  (kjC j/v) is  the  characteristic  reaction 
length  for  this  system.  The  precision  and  sensitivity  of  the 
technique  used  to  measure  the  Ca  interacts  with  the  range  of 
useful  flow  velocities  through  the  reaction  length  expression 
to  determine  the  range  of  values  of  the  rate  constants  that  can 
be  measured  with  a  given  piece  of  equipment.  If  the  minimum 
useful  absorbance  value  is  0.01  AU  cm”1,  then  rate  constants 
between  10~17  and  10*14  cm3  molecule-1  sec”1  should  be 
measurable  if  useful  flow  velocities  (between  10  and  100 
cm/ sec)  can  be  achieved.  The  data  in  table  1  can  be 
recalculated  directly  using  the  reaction  decay  term  to  show 
this.  Extension  to  rates  greater  than  10"14  cm3  molecule-1 
sec-1  may  only  be  achieved  by  reductions  in  (i.e.,  better 
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Figure  3.  Calculated  MMH  Concentration 
HMH  concentration  aa  a  function  of  the  y-coordinate  for  x 
-  0  and  two  different  valuee  of  a  downstream  of  the 
introduction  array.  Conditions*  P  ■»  760  torr,  T  -  300  K, 
v  -  10  cm/sec,  03  -  3.0  x  10“8  moles/cc,  hydrazine/MMH 
introduction  rate  is  constant 

measurement  sensitivity)  combined  with  further  increases  in 
flow  velocity  (limited  by  the  onset  of  turbulence). 

EVALUATION  OF  ACTUAL  PERFORMANCE 

Design  of  the  Prototype  Flow  Reactor 

The  prototype  flow  reactor  was  provided  by  Kurz 
Instruments  of  Carmel  California.  The  flow  reactor  consists  of 
a  mass  flow  meter ,  a  precision  flow  control  valve,  an  expansion 
-  diffuser  section,  a  set  of  microetched  screens  designed  to 
eliminate  turbulence,  and  the  chemical  kinetics  flow  section. 
The  data  obtained  from  the  mass  flow  meter  are  used  to  regulate 
the  flow  aontrol  valve  through  control  and  display  electronics. 

The  flow  reactor  provides  a  uniform,  constant,  laminar 
aarriar-gas  flow  (i.e.,  a  flow  field  described  by  a  single 
velocity  vector,  v)  by  applying  well-known  principles  of  fluid 
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Figure  4.  Calculated  Hydrazine  and  MMH  concentration  Decay 
Hydrazine  and  MMH  concent rations  at  x  »  0,  y  ■  0  ai  a 
function  of  z  downstream  from  the  introduction  array. 
Conditions:  P  -  760  torr,  T  *  300  K,  v  «  10  cm/sec,  o3  - 
3.0  x  10~8  moles/cc,  hydrazine/MMH  introduction  rate  is 
constant 

dynamics.  (References  22,  25,  26,  and  27).  The  Point  Source 
Method  of  measuring  diffusion  coefficients  (Reference  22)  uses 
many  of  the  same  principles  as  the  flow  reactor  described  in 
this  paper  and  achieves  the  necessary  uniform,  laminar, 
constant,  flow  fields.  Diffusion  coefficients  were  measured 
with  accuracy  and  repeatability  on  the  order  of  2  percent. 

Turbulence  in  the  kinetic  measurement  section  of  the 
prototype  reactor  is  prevented  by  the  use  of  an  expansion 
section  in  front  of  flow-smoothing  screens  that  are  located 
between  the  flow  control  valve  and  the  kinetic  measurement 
section.  The  development  of  a  parabolic  velocity  profile  is 
prevented  by  working  at  high  Reynolds  numbers  so  that  the  entry 
length,  L^,  of  the  kinetic  measurement  section  is  much  greater 
than  the  physical  length,  L  (Reference  13). 
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TABLE  1.  NUMERICAL  SIMULATION  OF  HYDRAZINE  AND  MMH  KINETICS 
AT  VARYING  OZONE  CONCENTRATIONS® 


O3  Concentration  caaveb  Absorbance  caaveb  Absorbance 
(moles/cc)  (moles/co)  (AU)  (moles/cc)  (AU) 


0  3.7  X  10"10  0.11  3.6  X  10“10  0.13 

8  X  10“9  2.9  X  10"10  0.082  1.2  X  10“10  0.036 

1.6  X  10“8  2.2  X  10"10  0.063  5.3  X  10"11  0.015 

2  X  10“8  1.9  X  10-10  0.056  3.7  X  lO”*1  0.011 

2.4  X  10“8  1.7  X  10-10  0.049  2.7  X  10"11  0.008 

a  P  -  760  torr,  T  »  300  K,  v  -  10  cm/sac,  hydrasine/MMH 
Introduction  rate  la  constant 
b  Average  concentration  in  the  spectrometer  cell 

Performance  Data  for  the  Prototype  Flow  Reactor 

The  velocity  field  in  the  flow  reactor  was  measured  at 
Reynolds  numbers  (Re)  of  1380  and  2100  with  a  hot  wire 
anemometer.  The  average  value  and  variance  for  48  different 
sampling  positions  uniformly  distributed  within  the  kinetic 
flow  section  were  obtained.  The  flowing  gas  was  nitrogen  at 
0.84  atm  (ambient  pressure  at  WSTF) .  The  average  velocity  at  a 
Reynolds  number  of  1380  was  15  cm/sec  with  a  variance  of  ±  0; 
the  average  velocity  at  a  Reynolds  number  of  2100  was  20  cm/sec 
with  a  variance  of  ±  1. 

No  evidence  of  turbulence  was  obtained,  and  the  variance 
in  the  velooity  at  the  higher  Reynolds  number  was  probably 
small  enough  to  permit  accurate  chemical  kinetic  measurements 
(References  25  through  26  suggest  that  velocity  variance  on  the 
order  of  10  percent  has  no  adverse  effects  on  the  measurement 
of  diffusion  constants  to  2  percent  accuracy) .  The  variation 
in  velocity  may  be  further  reduced  by  changing  the  number  and 
type  of  flow-smoothing  screens. 


CONCLUSIONS 


Both  general  theoretical  considerations  and  numerical 
simulation  show  that  chemical  kinetic  measurements  can  be  made 
near  1  atm  of  pressure  with  no  contribution  from  wall  effects. 
The  chemical  reaction  is  not  homogeneous  (i.e.,  the  reactant 
concentrations  are  not  uniform  in  the  duct) ,  but  solution  of 
the  flow/diffusion/reaction  equation  allows  determination  of 
reaction  rate  constants  and/or  diffusion  constants  from 
experimental  data  if  certain  conditions  are  maintained.  The 
most  important  conditions  are  the  following:  (1)  uniform, 
constant,  laminar  carrier-gas  flow;  (2)  pseudo-first-order 
reaction  conditions;  and  (3)  pressures  near  1  atm  to  maintain 
small  diffusion  coefficients  (0.1  cm2  sec*1).  The  prototype 
WSTF  kinetic  flow  system  was  shown  to  maintain  the  first 
condition  readily.  Work  is  in  progress  to  determine  the  rates 
and  mechanisms  of  deaay  of  the  hydrazine  fuels  in  the 
troposphere  using  this  new  type  of  flow  reactor. 
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THE  BEHAVIOR  OF  HYDRAZINE  VAPOR  IN  AN  ENVIRONMENTAL  CHAMBER 
UNDER  SIMULATED  ATMOSPHERIC  CONDITIONS 

D.  A.  Scon* ,  Reaaarch  Chemist 
Headquarters  Air  Fore*  Engin**ring  and  Sarvicaa  Canter 
Engineering  and  Service*  Laboratory 
Tyndall  Air  Force  Bate,  FL  32403-6001 

7.  L.  Wiseman,  Research  Chemist 
ABSTRACT 

A  series  of  experiments  has  been  conducted  to  determine  the  decay 
kinetics  of  hydrazine  vapor  under  simulated  atmospheric  conditions.  These 
experiments  were  carried  out  in  a  320-1  environmental  simulation  chamber. 
Conditions  studied  included  dry  and  humid  air,  and  dry  and  humid  nitrogen. 
The  concentration  of  hydrasine  was  monitored  with  long-path  7T-IR 
spectroscopy.  In  contrast  to  earlier  studies  in  glass  vessels,  there  was 
no  detectable  difference  in  the  decay  rate  of  hydrasine  in  dry  air  or  in 
dry  nitrogen.  The  rate  of  decay  of  hydrasine  in  humid  air  or  humid 
nitrogen  was  also  essentially  identical,  but  was  four  to  five  times  faster 
than  in  dry  air  or  dry  nitrogen.  Adsorption  and  permeation  appear  to  be 
the  major  controlling  factors  in  the  decay  of  hydrasine  in  this  chamber. 

INTRODUCTION 

Hydrasine  is  used  extensively  in  small  thrusters  for  satellites,  as  a 
fuel  cell  reactant,  in  emergency  power  generating  units  and  as  a  liquid 
rocket  fuel  component.  Both  routine  handling  operations  and  accidental 
spills  can  produce  fuel  vapors  which  constitute  a  substantial  health  risk. 
Hydrasine  is  classified  as  an  animal  carcinogen  (Reference  1)  and  a  suspect 
human  carcinogen  (Reference  2).  This  toxicity  is  reflected  in  its  low 
threshold  limit  value,  0.1  ppm  (Reference  3),  and  has  prompted  numerous 
studies  of  its  eventual  fete  in  both  atmospheric  and  terrestrial 
environments. 


The  eutoxidetion  of  hydrazine  vapor  haa  been  Che  8ubjecfc  of  several 
previous  studies.  These  have  included  studies  in  glass  containers 
(References  4-10),  in  small  (less  than  500  liter)  Teflon*  or  Tedlar*  bags 
(References  13-16)  and  large  (greater  than  3000  liter)  Teflon*  film 
chambers  (References  11,12).  Generally,  these  studies  have  shown  that  the 
reaction  between  hydrasine  and  oxygen  proceeds  by  a  multi-step  process  with 
several  radical  intermediates.  These  investigations  have  also  noted  that 
the  rate  of  the  reaction  depended  on  the  surface  area  and  composition  of 
the  reaction  vessel.  The  overall  observed  stoichiometry  in  these  studies, 
however,  was  shown  to  be  the  simple  relation, 

N2H4  ♦  02  •  N2  4  2  H20 

It  is  clear  from  the  findings  of  previous  studies  that  the  relative 
magnitudes  of  humidity,  adsorption,  permeation,  surface-to- volume  ratio  and 
actual  oxidation  as  factors  affecting  the  decay  of  hydrazine  in  various 
types  of  reaction  chambers  are  still  very  much  in  question.  This  study  was 
undertaken  to  further  investigate  these  effects  with  the  aim  of  attempting 
to  clarify  the  relative  importance  of  these  various  loss  processes. 

BXPBRXHEmL 

Complete  descriptions  of  the  reaction  chamber,  pure  air  system,  7T-IR 
spectrometer,  long-path  optics,  sample  inlet  system,  and  experimental 
methods  are  published  in  other  reports  (References  12  and  17).  Briefly, 
the  studies  were  conducted  in  a  320-1  chamber  constructed  from  .005-in  FEP 
Teflon*  film  (Figure  1).  The  chamber  was  suspended  within  an  aluminum 
frame  and  the  frame  was  covered  with  Plexiglas*  The  gas  distribution 
system  had  outlets  for  both  the  inside  of  the  chamber  and  the  annular  space 
between  the  chamber  and  the  Plexiglas*  cover.  This  allowed  control  of  the 
environment  both  inside  and  outside  the  chamber. 

A  typical  experimental  run  was  conducted  by  purging  the  chamber  and  its 
support  area  with  the  matrix  gas  under  study.  The  chamber  mixing  fan  was 
operated  continuously  during  this  time.  The  hydrasine  sample  was  injected 
into  an  exterior,  heated  glass  bulb  and  flushed  into  the  chamber  with 


Figure  1.  Environmantal  Chamber  and  Intarnal  Rtf  laction  Optics 

matrix  gas.  Than  tha  mixing  fan  was  shut  off  and  tha  concantration  of  tha 
hydrasina  was  monitorad  with  tha  FT-IR  spectrometer. 

RESULTS  AMD  DISCUSSION 

THE  STABILITY  OF  INTERNAL  STANDARDS  IN  THE  ENVIRONMENTAL  CHAMBER 

Both  mathana  (CH^)  and  sulfur  haxafluorida  (SP6)  ware  usad  to  tast  tha 
stability  of  inart  gasas  in  tha  environmental  chamber.  Numerous 
experimental  runs  ware  conducted  where  these  gasas  ware  introduced  into  tha 
chamber  under  a  variety  of  experimental  conditions.  Mathana  was  used  as 
tha  intarnal  standard  for  most  of  tha  hydrasina  runs  so  that  any  major 
changes  in  chamber  leak  rate  could  be  detected  and  repaired.  Typical  SFg 
and  CH^  stability  curves  are  shown  in  Figure  2. 
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Figure  2.  Decay  of  SVg  and  CH^  in  tha  Environmantal  Reaction  Chanbar 

A a  Cha  axparimanta  vara  conductad,  a  concurrent  effort  waa  underway  to 
davalop  a  mathamatical  modal  of  tha  procaaaaa  which  appeared  to  occur  in 
tha  chamber.  During  tha  firat  few  montha  of  there  axparimanta,  it  bacama 
clear  that  oxidation  waa  only  a  minor  procoaa,  if  it  occurred  at  all  on  tha 
time  acala  of  tha  obaarvad  diaappaaranca  of  hydraaina.  Thua,  tha  modal  waa 
developed  to  include  tha  phyaical  loaa  procaaaaa  of  adaorption/conditioning 
and  permeation.  It  became  clear  that  tha  experimental  dacay  curvaa  for  any 
gaa  which  had  bean  uaad  in  tha  chamber  could  ba  duplicated  vary  wall  with 
thia  type  of  model.  Tha  modal  and  ita  development  are  diacuseed  in  a 
companion  papar  in  thia  volume  (Wiaaman  and  Stone). 

THE  BEHAVIOR  07  HYDRAZINE  IN  THE  CHAMBER 

Hydraaina  in  Dry  Nitrogen 

A  total  of  five  different  experimente  ware  conductad.  The  runa  ware 
normaliaed  to  a  atarting  abaorbance  of  one  for  tha  hydraaina  analytical 
band  at  958  cm"1  and  plotted  on  one  graph  in  Figure  3.  Four  of  the  runa 
fall  on  nearly  the  aame  dacay  curve,  while  one  (the  10-12  Jan  86  run)  ia 
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considerably  slower.  This  slowest  run  was  the  third  in  e  sequence  of  runs 
conducted  within  one  week;  apparently  the  first  two  runs  served  to 
condition  the  chamber  causing  the  third  run  to  exhibit  a  significantly 
longer  half  life.  The  other  runs  were  all  conducted  after  fairly  long 
periods  (two  to  four  weeks)  of  no  chamber  activity.  This  apparently 
allowed  the  chamber  enough  time  to  de-condition  and  resulted  in  a  shorter 
decay  period. 

Hydras ine  in  Dry  Air 

A  total  of  18  different  experiments  were  conducted.  These  runs  were 
separated  into  three  groups  (according  to  experimental  time  sequence)  and 
normalised  to  a  starting  absorbance  of  one  for  comparison  with  each  other. 
One  set  of  runs  is  plotted  in  Figure  4.  This  set  represents  the  final 
series  of  hydrasine/dry  air  runs  which  were  conducted.  To  verify  the 
chamber  conditioning  hypothesis)  these  runs  were  conducted  in  sequence, 
with  no  purging  of  the  chamber  in  between  runs.  As  anticipated  they  show  a 
half-life  which  increases  and  reaches  a  maximum.  This  is  consistent  with  a 
chamber  conditioning  process  with  a  half-life  of  a  few  days. 
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Figure  4.  Hydrasina  Daoay  in  Dry  Air,  A  Series  of  Five  Sequential  Runs 

A  comparison  of  hydratina  dacay  in  dry  nitrogan  varsus  dry  air  undar 
similar  chambar  conditioning  ia  shown  in  Figura  5. 
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Figure  5.  Comparison  of  Hydrasina  Dacay  in  Dry  Nitrogan  varsus  Dry  Air 
Hydrasina  in  Humid  Nitrogan 
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Hydrasina  in  Humid  Nitrogen 


Because  of  axparimantal  limitations,  only  a  aingla  run  was  oonductad 
undar  Chaaa  condition*.  Tha  dacay  curve  is  shown  in  Figura  6.  Several 
obsarvationa  vara  apparent  in  this  system:  (1)  Tha  decay  was  not  pseudo* 
first-order,  (2)  Tha  dacay  rats  was  much  more  rapid,  and  (3)  Thars  was  a 
fairly  significant  amount  of  aasnonia  produced  (»4  ppm). 


TIME  (hit) 

Figure  6.  Decay  of  Hydrasina  in  Humid  Nitrogen 

Tha  explanation  for  these  dramatic  differences  in  tha  dacay  curves  for 
this  system  versus  tha  hydrasina/dry  nitrogen  system  appears  to  lie  in  tha 
ability  of  Tafloc^  to  readily  adsorb  and  allow  permeation  of  both  hydrasina 
and  water.  In  all  likelihood,  all  of  tha  "active  sites"  (both  surface 
sites  and  microvoids  in  the  film  itself)  on  the  Teflon*  chamber  surface  are 
occupied  by  water  in  a  high  humidity  experiment.  In  addition,  the  adsorbed 
water  appears  to  catalyse  the  formation  of  ammonia. 

Hydrasina  in  Humid  Air 

A  total  of  12  runs  were  completed  in  humid  air.  The  final  series 
were  conducted  in  sequence,  with  no  purging  in  between,  to  determine  the 
chamber  conditioning  effects  at  high  humidity  levols.  These  six  runs  were 
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normalized  to  a  baginning  absorbance  of  one  and  are  plotted  in  Figure  7. 
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Figure  7.  Decay  of  Hydraiine  in  Humid  Air,  a  Series  of  Six  Sequential  Runs 

Generally,  the  same  type  of  conditioning  response  is  noted  in  the  first 
four  runs.  Runs  S  and  6  show  no  additional  conditioning  over  run  4. 
Again,  there  is  no  readily  discernible  difference  between  the  run  conducted 
in  humid  nitrogen  and  those  conducted  under  roughly  similar  conditions  in 
humid  air. 


CONCLUSIONS 

the  decay  of  hydrasine  vapor  in  an  environmental  simulation  chamber  is 
the  result  of  physical  loss  processes,  primarily  adsorption  followed  by 
permeation.  In  dry  air  or  nitrogen,  the  decay  process  is  pssudo-f irst- 
order  with  a  half  life  which  depends  on  the  degree  of  chamber  conditioning 
which  preceeds  any  given  experiment.  The  presence  of  water  vapor  causes  a 
marked  acceleration  in  the  observed  hydrasine  decay  rate,  a  departure  from 
pseudo-first-order  kinetics,  and  the  production  of  additional  ammonia. 
These  results  suggest  thet  the  homogeneous  air  oxidation  of  hydrasine 
should  be  studied  in  a  rigid,  evacuable  chamber  with  a  minimum  of  surface 
interections  and  the  lowest  possible  surface-to-volume  ratio. 
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Hydrazine  vapor  loss  data  generated  from  TefloJ®  film  reaction  chamber* 
have  bean  successfully  modeled.  The  data  do  not  fit  a  simple  first-order 
rat*  equation,  but  do  fit  a  model  Which  allows  for  surface  adsorption, 
desorption,  and  permeation  through  the  TefloiP  film.  This  implies  that  the 
reaction  between  hydrazine  vapor  and  oxygen  is  insignificant,  and  that 
surface  interactions  of  hydrazine  vapor  are  the  significant  avenues  for 
hydrasine  vapor  losses  in  Teflonf®  film  chambers.  In  humid  conditions, 
hydrasine  vapor  losses  are  more  rapid  and  more  deviant  from  first-order 
behavior  than  in  dry  conditions.  This  has  been  modeled  by  assuming  a 
hydrazine-hydrate  formation.  At  this  point  it  is  not  known  whether  the 
hydrate  forms  in  the  vapor  or  on  the  TaflotP  film  surface.  The  results  of 
these  studies  were  presented  at  the  1987  Joint  Army  Navy  NASA  Air  Force 
(JANNAF)  Safety  and  Environmental  Protection  Subcommittee  held  at 
Cleveland,  Ohio1*2. 
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Hydrazine  gas-phase  processes  have  been  studied  for  many  years  . 

The  air  oxidation  of  hydrazine  vapor  has  been  proposed  to  go  by  the  simple 
reaction8"11 : 

N2H4  +  02— -►N2  +  2H20  (1) 


A\ 

.Sr 

v 


However,  recent  studies  have  shown  that  air  oxidation  is  not  the  major  loss 
process  of  vaporous  hydrasine  in  ambient  conditions  (room  temperature  and 
pressure) .  Evidence  for  this  includes  the  fact  that  the  hydrazine  vapor 
decay  rate  is  essentially  unchanged  in  nitrogen-enriched  environments  and 
that  nonreactiv*  species,  such  as  oxygen,  water,  methane,  and  sulfur 


hexafluoride,  exhibit  similar  kinetic  behavior  in  Teflon®  chambers .  In 
addition,  the  hydrazine  vapor  loss  rate  is  greatly  enhanced  in  humid 
air  .  This  phenomenon  is  difficult  to  account  for  in  terms  of  a  radical 
mechanism.  A  more  likely  explanation  for  this  enhancement  is  that  the 
excess  water  in  the  chamber  environment  is  facilitating  hydrazine  hydrate 
formation,  either  in  the  gas  phase  or  on  the  surface. 

The  kinetic  model  presented  in  this  report  incorporates  surface 
adsorption  and  desorption  reactions,  permeation  through  the  Teflon®  film, 
chemical  reactions,  and  leakages  through  very  small  holes  .  The  model  is 
more  inclusive  than  required  by  this  work,  but  was  designed  for  future  work, 
as  well  as  this  work.  Condensed  versions  of  this  model  fit  the  data  much 
better  than  the  pseudo-first-order  rate  equation  required  to  describe 
Equation  (1). 

The  experimental  work  for  this  report  has  been  aptly  described  by  Stone 
and  Wiseman  in  a  previous  report*  and  will  not  be  given  in  this  report. 

MODELING  OF  HYDRAZINE  VAPOR  LOSS 

The  model  presented  below  takes  into  account  all  processes  described 
above.  Hereafter,  the  leakage  pronees  will  be  referred  to  as  effusion, 

Which  is  a  term  describing  a  gas  molecule  having  a  long  mean-free  path 
compared  to  the  area  of  the  hole  through  which  it  leaks.  It  can  be  shown 
that  leakage  of  this  type  yields  a  first-order  decay  law  for  the  gas  in  a 
container.  Although  the  condition  of  the  long  mean-free  path  may  not  be  met 
in  these  experimental  conditions,  it  is  assumed  that  leakage  through  holes 
can  still  be  described  by  a  simple  first-order  process.  The  model  assumes 
the  Teflorl®  film  has  pores  throughout  its  entire  thickness  and  the  adsorbed 
molecules  can  migrate  from  one  pore  "layer"  to  another  until  they  reach  the 
outside  pore  layer.  The  molecules  can  then  desorb  and  be  lost  from  the 
system.  This  migration  process  is  illustrated  in  figure  1.  The  processes 
leading  to  lows  of  hydrazine  from  the  chamber  system  are  effusion, 
permeation,  and  irreversible  chemical  reactions.  Adsorption  onto  surface 
materials  placed  inside  the  chamber  or  adsorption  onto  nonpermeable  sites  on 
the  Teflon!®  film  of  the  chamber  do  not  lead  to  loss  of  hydrazine  from  the 
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Figure  1.  Diagram  ■ bowing  hew  a  moleoule  oan  permeate  within  and  through  a 
polymer lo  film.  Moleoulea  oan  jump  from  one  pore  layer  to 
another  (arrow  1)  or  from  one  pore  alto  to  another  within  the 
aame  layer  (arrow  2). 

ayetem  but  only  to  loac  of  hydraslne  vapor.  Thla  model  la  not  reatrloted  to 
hydraaine  and  oan  be  applied  to  any  gaa  emitted  into  an  environmental 
ohamber. 

Any  gaa,  0,  might  interaot  with  the  ohamber  environment  aooordlng  to 
the  following  prooeaeeat 

he 

a  »  firat-order  effualon 


Q  ♦  Si. 


For  1  »  1  to  f; 


0  +  Pi 


Por  i  •  1  to  p; 


0  +  Pi 


reaotion  produote, 


in  Which  k#  is  th«  *f fusion  rata  constant,  is  the  first  pora  layar  on 

tha  insida  surfaca  of  tha  Teflon®  film,  and  k  g  ara  tha  adsorption  and 

dasorption  rata  constants,  raspactivaly,  for  Q-S^  is  tha  adsorption 

complex  on  tha  first  pora  layar,  f  is  tha  numbar  of  surfaces  other  than 

TeflotP,  is  tha  Zth  surfaca  othar  than  Teflori®,  o-f.  is  tha  Ith 

adsorption  complex  on  surface  F^,  k^  and  k_^  ara  tha  Ith  adsorption  and 

dasorption  rata  constants,  raspactivaly,  for  F^,  p  is  tha  number  of  gaseous 

species  which  can  react  with  G,  is  tha  Zth  species  Which  reacts 

irravarsibly  with  0  in  a  sacond-ordar  reaction,  and  k  ,  is  tha  rata 

pi- 

constant  for  this  reaction.  Once  G-S^  is  formed,  tha  adsorbed  molecules  can 
either  daaorp  or  migrate  to  tha  next  pora  layar,  Sg.  Tha  molecules  can  than 
migrate  to  either  8^  or  Sg,  tha  third  pora  layar.  This  process  continues 
until  soma  molecules  have  permeated  to  tha  last  pora  layar,  Sg,  in  Which  N 
is  the  total  number  of  pora  layers.  This  process  is  modeled  simply  as: 

For  i  *  2  to  N; 

kD 

°“8i-l  +  si  «■— . .  C_3i  +  sl-l 

*D 

k-S 

G-Sj|  . ¥>  loss  to  the  outside,  <3) 

in  which  is  tha  Ith  pora  layar,  0-8^  is  tha  complex  at  tha  Ith  pora 
layar,  and  is  tha  diffusion  rata  constant.  It  is  assumed  that 
molecules  desorbing  off  the  outside  pora  layar,  8g,  diffusa  fast  enough 
away  from  tha  chamber  wall  that  outside  adsorption  does  not  taka  place.  Tha 
differential  rata  aquations  describing  tha  processes  shown  in  Equations  (2) 
and  (3)  ara: 


dioj/dt  -  -(k,  +  k.[s]  +  I  kitFiJ  +  I  kpiMQl 

l«l  i«l  r 

f 

k_g  [0— Sj_]  +  1  k^JO-Fil 


» 


dtG-SiJ/dt  -  kBtSHO]  -  k.jlO-SiJ  +  kD[S]([G-82]  -  [0— Si  1  > 


For  i  -  2  to  V  -  1; 

dtO-Sil/dt  -  kulSKtO-Si.!]  +  [G-Si+1]  -  210-Sj.]), 
d(0-SH]/dt  -  kD[S](tO-Stf-il  -  [O-Si,])  -  k-gtG-Stf] 

For  i  ■  1  to  f{ 

d[0-Fi)/dt  -  kitOHFil  -  k.i.tO-Fi], 

in  which  the  brackets  refer  to  the  concentration*,  and  [S]  ia  the  pora  layer 
concentration  for  each  and  ovary  pore  layer.  If  H  it  equal  to  2,  the 
equation*  described  by  dtO-S^J/dt  are  droppad.  It  ia  a* turned  that  [S]  » 
[0],  so  that  the  diffusion  rate  steps  are  pseudo-first-order.  If  [F^]  is 
comparable  to  [0],  then  [F^]  varies  within  the  course  of  the  process  and 
must  be  replaced  with  [F^  -  [G-F^],  in  Which  tF^  Is  the 
initial  value  of  [F^] .  All  surface  concentrations,  [S],  [FJ,  tO-F^ J , 
and  [0-8^]  are  in  the  same  units  as  the  gas  concentrations,  [0]  and 
[P^],  and  are  defined  as  the  number  of  moles  per  unit  chamber  volume.  The 
value  chosen  for  II  does  not  affect  the  quality  of  the  model  fit,  but  does 
affect  the  values  for  the  fitted  parameters.  Although  in  theory  N  is  quite 
large,  V  is  normally  set  to  2  for  speed  of  calculation. 

These  differential  equations  cannot  be  solved  analytically,  except  for 
the  most  trivial  cases.  The  finite  difference  method  for  numerical 
integration  has  been  applied  for  obtaining  solutions.  The  model  can  be 
fitted  to  the  data  using  standard  statistical  routines  with  the  modification 
that  the  estimated  values  for  the  dependent  variable  be  generated  from  a 
numeric  integration  rather  than  a  simple  function. 

The  Marquardt  nonlinear  least  squares  approach  was  used  to  fit  the 
model  versions  to  the  data.  The  program  used  (Statistics  Volume  4,  Tape  1) 
was  run  on  the  Model  4054  Tektronix  computer.  Although  the  program  was  not 
designed  for  the  user-defined  function  to  be  a  series  of  differential 
equations,  the  program  could  perform  the  fit  with  a  properly  written 
subroutine.  The  user-written  subroutine  required  an  iterative  procedure  to 
conduct  the  numeric  integration  up  to  the  time  for  each  data  point.  The 
step  size  for  the  independent  variable,  time,  was  normally  set  at  .01  hour. 
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RESULTS  AND  DISCUSSION 


Figure  2  shows  plota  of  absorbanoe  of  hydrazine  vapor  (normalized  to 
unit  abflorbanos)  vi.  tin*  in  houri  for  a  run  In  dry  air  and  a  run  in  dry 
nitrogan.  Although  in  tha  dry  nitrogan  run,  oxygen  did  laak  back  into  tha 
ayitam  aftar  aavaral  hours,  tha  results  show  that  tha  oxygan  in  air  has 
llttla  affaet  on  tha  rata  of  hydrazina  vapor  loss  in  Taf Ion®  film  ohanbars. 
Slnoa  it  is  unlikaly  that  hydrazina  is  baing  daplatad  that  fast  by  anothar 
ohemloal  raaotion,  tha  only  othar  axplanation  for  hydrazina  vapor  loss  is  by 
soma  physioal  prooass,  suoh  as  adsorption  or  parmaatlon.  Pigura  3  shows  a 
first-order  fit  and  a  modal  fit  to  a  typioal  dry  atmosphara  klnatio  run  and 
illustratas  hydrazina  is  not  baing  daplatad  by  just  a  first-ordar  prooass. 

Only  oondansad  varsions  of  tha  modal  ara  raqulrad  to  fit  tha  data.  Two 
oondansad  varsions  of  the  modal  hava  baan  usad  to  fit  singla  data  sats: 
adsorption  and  dasorption  onto  nonparmaabla  surfaoa  sltas  in  conjunction 
with  affusion,  and  parmaatlon.  Both  varsions  require  thraa  parameters: 
kg(S],  k_§,  and  kD[S]  for  tha  parmaatlon  version  and  k^[P1], 
k_^,  and  k#  for  tha  adsorptlon/desorption-effusion  version,  Both  modal 
varsions  fit  the  data  equally  wall  and  hanoa  it  is  difficult  to  determine 
whloh  version  is  more  aoourata.  However,  for  sequential  data  sat  fits 
(singla  modal  fits  on  two  or  more  oonsaoutlva  runs),  these  simple  models  do 
not  fit.  Modification  of  tha  adsorptlon/dasorption-af fusion  version  by 
replacing  [P^]  with  [F^  -  [Q-F^]  creates  a  version  that  fits  muoh 
batter.  This  version  allows  sites  F^  to  become  filled,  hanoa  showing  a 
conditioning  affaot  whioh  is  only  slowly  reversible. 

Figure  4  shows  tha  modified  adsorptlon/desorption-effusion  version  fit 
to  a  sequential  data  sat.  Tha  data  sats  were  generated  by  allowing  tha 
chamber  to  be  purged  for  a  month  and  than  performing  klnatio  runs  in  a  row. 
Tha  long  purge  allowed  for  at  least  partial  "unoondltlonlng*  and  tha  sequen¬ 
tial  runs  allowed  tha  affaot  of  conditioning  to  be  seen.  Tha  fitted  parame¬ 
ters  ara:  ^  -  .73(.03)  Au"l'hr_1,  [F^  -  ,74(.02)  Au,  k . 

.0075(.0003)  hr-1,  and  k#  ■  .087(.002)  hr"1  (Au  is  absorbance  units). 
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Plgura  2.  Plots  of  ths  normal 1 ltd  absorbanoa  of  hydraalns  vs.  tins  In  hours 
for  klnstlo  runs  in  dry  air  and  dry  nitrogon. 
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Plgurs  3.  Pits  of  ths  parmaatlon  modal  and  flrst-ordsr  modal  for  a  typloal 
data  oat  takan  in  dry  oondltions. 
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In  this  csss,  ths  first  order  term,  k#,  may  not  represent  effusion,  but 
eould  represent  steady-state  permeation,  which  is  also  a  first-order 
process.  The  conditioning  effect  and  the  decay  rates  are  more  sharply 
pronounced  in  humid  conditions. 

Since  TefiotP  is  a  polymer  and  hence  shows  unusual  interactive 

properties  with  many  gaseous  compounds,  it  is  not  surprising  that  hydrazine 

interacts  physically  with  the  Teflorl®  film.  In  fact,  Teflon®  film  chambers 

can  be  expected  to  interact  strongly  with  other  fuels  and  chemicals. 

Moreover,  other  polymeric  film  chambers  can  be  expected  to  interact  with 

13 

hydrazine  and  other  fuels.  Other  materials,  such  as  glass  and  certain 
metals11,14,  apparently  catalyze  hydrazine  oxidation.  At  least  two 
hydrazine  vapor  loss  runs  must  be  performed  to  properly  analyze  any 
hydrazine  reaction  Where  the  rate  of  the  reaction  is  comparable  to  or  less 
than  the  physical  loss  rate  of  hydrazine  vapor  in  the  chamber.  The  two  data 
sets  must  be  analysed  with  a  version  of  the  model  that  fits  the  data  well 
and  considers  the  conditioning  process.  The  fitted  version  of  the  model  can 
then  be  used  to  predict  how  a  third  run  should  behave  in  the  absence  of  any 
added  reactant.  This  entire  procedure  “calibrates”  the  chamber  system.  If 
any  reactive  gas  or  surface  material  is  then  added  to  the  system,  the 
version  used  must  be  modified  to  account  for  the  additional  process.  Of 
course,  any  reaction  significantly  faster  than  the  physical  loss  processes 
of  hydrazine  vapor  can  be  studied  without  resorting  to  this  modeling 
calibration  procedure. 


CONCLUSION 


The  experimental  work  conducted  in  our  laboratory  and  the  modeling 
presented  in  this  paper  show  strong  evidence  that  hydrazine  does  not  react 
with  oxygen  in  the  gas  phase  at  ambient  conditions.  Past  studies  with 
hydrazine  vapor  in  environmental  chambers  have  been  plagued  by  surface 
Interactions  which  have  been  mistaken  for  air  oxidation.  These  surface 
effects  have  not  always  been  appreciated,  but  often  account  for  the  major 
loss  procosses  of  hydrazine  vapor  in  chambers.  Future  hydrazine  vapor 
research  must  consider  that  air  oxidation  is  essentially  nonexistent  at 
ambient  conditions  and  that  surface  interactions  are  important. 
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Flgura  4.  Fit  of  tha  modlflad  adaorption/daaorptloa-affualon  modal  to  a 
aaquantlal  data  sot  takan  in  humid  oondltlona.  Tha  data*  tha 
runa  war a  takan  ara  ahown  In  tha  lagand. 

Futura  atudlca  at  tha  Inglnaarlng  and  Sarvloaa  Laboratory  at  Tyndall 
AFB  will  lnvolva  tha  uaa  of  a  TafloiP-ooatad  staa1.  ohambar  for  hydraslna 
fuala  itudiaa.  Thla  ohambar  will  ba  oonatructad  with  haatlng  oolla  to 
maintain  oonatant  tamparatura  and  will  ba  daalgnad  for  a  mora  oontrollad 
anvlronmant.  Tha  ohambar  will  ba  oonatruotad  to  pravant  any  kind  of  laakaga 
and  will  alao  allow  for  tamparatura  itudiaa.  Nodal  varilons  will  ba 
apaolfloally  daalgnad  to  taka  Into  aooount  all  phyaleal  and  ohamlaal 
prooaaaaa  whloh  may  ooour  In  thla  ohambar. 


RIPIR1NCI8 


1.  Stona,  D.A.,  Wlaaman,  F.L.,  "Tha  Daoay  of  Hydraslna  Vapor  in  a  Taflon® 
Film  Raaotlon  Chambar,"  1987  JANNAF  Safaty  and  Invlronmantal  Protaotlon 
Suboommlttaa,  Clavaland,  OH;  to  ba  publlahad. 

2.  Vlaauui,  F.L.,  Stona,  D.A.,  "Hodallng  of  Hydraslna  Vapor  Loan  Prooaaaaa 
In  Taf lon°Tllm  Raaotlon  Chambara,"  1987  JANNAF  Safaty  and  Invlronmantal 
Protaotlon  Suboommlttaa,  Clavaland,  OH;  to  ba  publlahad. 


-*M  V*  w 


84 


3.  Tuazon,  E.C.,  W.P.  Carter,  R.V.  Brown,  R.  Atkinson,  A.M.  Ulnar,  J.N. 
Pitts  Jr.,  "Atmospheric  Reaction  Mechanisms  of  Amina  Fuels,"  Statewide  Air 
Pollution  Research  Center,  University  of  California.  Final  Report,  March 
1982,  ESL-TE-82-17 , 

4.  Pitts,  J.M.  Jr.,  R.C.  Tuason,  W.P.  Carter,  A.M.  Winer,  O.W.  Harris,  R. 
Atkinson,  R.A.  Graham,  "Atmospheric  Chemistry  of  Hydrazines:  Gas  Phase 
Kinetics  and  Mechanistic  Studies,"  Statewide  Air  Pollution  Research  Center, 
University  of  California.  Final  Report,  August  1980,  ESL-TR-80-39. 

5.  Stone,  D.A. ,  "The  Autoxidation  of  Hydrazine  Vapor,"  Civil  and 
Environmental  Engineering  Development  Office,  January  1978,  CEEDO-TR-78-17 . 

6.  Tuazon,  E.C.,  W.P.  Carter,  A.M.  Winer,  J.M.  Pitts  Jr.,  "Reactions  of 
Hydrazines  with  Ozone  Under  Simulated  Atmospheric  Conditions,"  Rnvironmental 
Science  Technology,  V15,  Mo.  7,  July  1981. 

7.  Dalgood,  S.B.,  M.O.  Sanford,  "Raview  of  the  Hydrazine/Oxygen  Reaction 
Kinetics,"  Paper  Mo.  15,  The  International  Corrosion  Forum  Sponsored  by  the 
Mational  Association  of  Corrosion  Engineers,  April  1981. 

8.  Bellerby,  J.M. ,  "The  Autoxidation  of  Hydrazine  and  Alkyl  Substituted 
Hydrazine  Vapours,"  PERME  MEM092,  Propellants,  Explosives,  and  Rocket  Motor 
Establishments,  Westcott,  England,  May  1980,  N80-31520. 

9.  Winning,  W.I.H.,  "The  Thermal  Oxidation  of  Hydrazine  Vapour,"  J.  Chem. 
Soc.,  1954.  916  (1954). 

10.  Bowen,  E.J.,  A.W.  Birley,  "The  Vapour  Phase  Reaction  Between  Hydrazine 
and  Oxygen,"  Trans.  Faraday  Soc.,  £2,  580  (1951). 

11.  Naik,  D.V.,  "Air  Oxidation  of  Hydrazine  -  A  Kinetic  Study,”  Air  Force 
Office  of  Scientific  Research  Summer  Faculty  Program  Final  Report,  August 
1984. 

12.  The  model  presented  in  this  work  is  conceptually  very  similar  to  one 
proposed  by  Vieth  and  Sladik  (Vieth,  W.R. ;  K.J.  3ladik,  "A  Model  for 
Diffusion  in  a  Glassy  Polymer,"  J.  Coll.  Science,  ££,  1014  (1965)). 

However,  the  mathematical  approach  in  this  work  is  one  of  simple  kinetic 
steps,  Whereas  Vieth's  and  Sladik's  work  involves  the  use  of  diffusion 
equations . 

13.  Moody,  K.N.,  "The  Vapor  Phase  Oxidation  of  Hydrazine,"  Doctor  of 
Philosophy  Dissertation,  Department  of  Chemistry,  University  of  Leeds, 

Leeds,  England,  1985. 

14.  Stone,  D.A. ,  M.V.  Henley,  D.V.  Maik,  "The  Effects  of  Surfaces  on  the 
Air  Oxidation  of  Hydrazine,"  1985  JAMMAF  Safety  and  Environmental  Protection 
Subcom&ittee  Meeting,  151,  (1985). 


TRACE  METAL  CATALYSIS  OF  HYDRAZINE  DECOMPOSITION:  THE  ROLE  OF  CHROMIUM 

J.  M.  Bellerby 
Chemical  Systems  Group 
Cranfield  Institute  of  Technology 
Royal  Military  College  of  Science 
Shriveriham,  Swindon,  Wilts  SN6  QLA,  UK 

D.  A.  Edwards,  D.  Thompsett 
School  of  Chemistry 
University  of  Bath 
Clever ton  Down,  Bath  BA2  7 AY,  UK 

ABSTRACT 

A  new  chromium  (XI)  carbazato-  complex,  Cr(N2H3C02)  .H2O,  prepared  by 
the  reaction  of  aqueous  carbazic  acid  with  chrcmium  (II)  chloride,  is 
described.  The  pale  lilac  solid,  which  has  been  fully  characterised,  is 
stable  in  air  but  undergoes  oxidation  to  a  chromium  (III)  carbazato-  species 
on  treatment  with  excess  aqueous  hydrazine  in  the  presence  of  carbon  dioxide. 
Evidence  is  presented  showing  that  other  complexes  of  chromium  (XI)  are 
oxidised  under  similar  conditions,  leading  to  the  conclusion  that  the  stable 
oxidation  state  of  chromium  in  anhydrous  hydrazine  is  +3.  speculations  are 
made  regarding  the  significance  of  this  in  relation  to  the  known  activity  of 
dissolved  chromium  as  a  homogeneous  catalyst  for  the  decomposition  of 
propellant  hydrazine. 


INTRODUCTION 

Dissolved  carbon  dioxide  is  known  to  increase  the  homogeneous 
decomposition  rate  of  propellant  hydrazine  in  stainless  steel  systems 
(Reference  1).  This  is  thought  to  be  due  to  the  corrosive  action  of  carbazic 
acid  in  leaching  catalytically  active  trace  metals  such  as  chromium 
(Reference  2)  from  stainless  steel  surfaces.  In  order  to  understand  more 
fully  the  role  of  chromium  in  the  catalytic  process  the  behaviour  of  the 
metal  in  both  anhydrous  hydrazine  and  in  aqueous  hydrazine  in  the  presence  of 
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carbon  dioxide  has  been  studied,  the  intention  being  to  establish  the 
relative  stabilities  of  the  4*2  and  4*3  oxidation  states  in  these  situations. 


Cooplexes  of  chromium  (II)  with  hydrazine  ligands  (e.g.  cr( ^*14)2012) 
are  among  the  most  stable  compounds  containing  the  metal  in  the  4*2  oxidation 
state  (Reference  3).  It  is  normally  supposed  that  hydrazine,  being  a 
reducing  agent,  stabilises  the  lower  oxidation  state  of  chromium  in 
preference  to  the  more  common  4*3  state.  However  the  only  known  chromium 
species  containing  the  closely-related  carbazato-  ligand  is  a  stable  chromium 
(III)  oonplex,  Cr ( N2H3CO2 ) 3 •  2H2O  (Reference  4),  and  there  are  no  reports  of 
this  compound  being  reduced  by  hydrazine.  investigations  into  the 
chromium/hydrazine  system  therefore  began  with  attempts  to  isolate  a  chromium 
(II)  carbazato-  complex. 

RESULTS 

PREPARATION,  CHARACTERISATION  AND  REACTIONS  OF  A  CHROMIUM  (II)  CARBAZATO- 
OOMPLEX 

The  addition  of  an  aqueous  solution  of  chromium  (II)  chloride  to  a 
solution  of  carbazic  acid  in  water  precipitated  a  pale  lilac  solid  which  was 
found  to  be  relatively  air-stable  when  dry.  A  variety  of  techniques  were 
used  to  characterise  the  complex. 

Magnetic  susceptibility  measurements  using  the  Gouy  method  produced  a 
magnetic  moment  for  the  complex  of  4.B7  BM  which  is  indicative  of  mononuclear 
high-spin  chrcmium  (II).  Further  support  for  this  oxidation  state  came  from 
the  reflectance  electronic  spectrum  of  a  fresh  sample  of  the  complex  Which 
showed  bands  at  551  nm,  400  nm  and  275  run.  These  band  positions  are  similar 
to  those  of  Cr(N2H4)2Cl2«  which  has  its  major  transition  at  570  nm  (Reference 
5),  indicating  that  the  new  complex  is  subject  to  the  considerable  distortion 
from  regular  octahedral  symmetry,  presumably  through  the  operation  of  the 
Jahn-Teller  effect.  This  feature  would  again  be  consistent  with  a  chromium 
(II)  species. 


Final  confirmation  of  the  chromium  (II)  metal  centre  came  from  redox 
titrimetry  in  which  ~9  equivalents  of  Fe(CN)g3”  were  consumed  on  titration 
with  a  solution  of  the  complex  in  2M  NaOH,  pointing  to  a  chromium  (II) 
complex  containing  two  hydrazine  ligands.  Together  with  micro-analytical 
data  this  information  was  sufficient  to  establish  the  lilac  solid  as  the 
first  reported  carbazato-  complex  of  chromium  (II),  Cr(N2H3C02)2*H2O.  The 
supporting  data  which  gave  rise  to  this  conclusion  are  auirmarised  in  Table  1. 
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TABLE  1.  PROPERTIES  OF  Cr(N2H3002)2*H20. 


Effective  magnetic  moment,  y*ff(BM) 

4.87  (296K) 

Reflectance  electronic  spectrum  (nm) 

551,  400,  275 

Microanalytical  data  (%) 

Required 

C,10.9f  H,3.7;  N,25.5f  Cr,  23.6 

Found 

C,11.2;  H,3.1;  N,25.9;  Cr.23.3. 

Equivalents  of  Fe(CN)g3“  for  oxidation 

Required 

9 

Found 

9.3 

The  new  complex  was  found  to  be  insoluble  in  all  common  solvents  but 
dissolved  slowly  in  aqueous  hydrazine  in  the  presence  of  carbon  dioxide  to 
produce  a  bright  red  solution  from  Which  the  known  chromium  (III)  carbazato- 
ccmplex,  cr ( N2H3QO2 ) 3 . 2H20 ,  could  be  isolated  (Reference  6).  The  reaction 
took  place  even  in  the  absence  of  air  and  this  lad  to  the  conclusion  that 
hydrazine  or  the  hydrazinium  ion  was  oxidising  chromium  (II)  to  chromium 
(III),  an  observation  which  has  been  made  previously  (Referents  7).  Further 
work  showed  that  any  one  of  a  range  of  chromium  (II)  complexes  (e.g. 
Cr(N2H4)2Cl2)  could  be  oxidised  to  the  chromium  (III)  carbazato  spocies  by 
treatment  with  excess  aqueous  hydrazine  and  carbon  dioxide. 


The  relative  stability  of  cr(N2H3002)2*H20  in  air  is  in  line  with  the 
behaviour  of  other  chromium  (II)  hydrazine  complexes.  However,  it  has  been 
demonstrated  (see  above)  that  such  complexes  are  readily  susceptible  to 
oxidation  by  hydrazine.  The  fact  that  they  can  be  isolated  at  all  in  the 
presence  of  hydrazine  would  seem  to  be  due  to  their  extreme  insolubility  in 
the  reaction  medium  used  for  their  preparation.  This  is  normally  aqueous  or 
alcoholic  hydrazine.  It  is  interesting  to  note  that  no  chromium  (II) 
hydrazine  complex  has  been  prepared  directly  from  a  chromium  (III)  source  or 
in  an  anhydrous  hydrazine  reaction  medium.  These  observations  therefore 
raise  the  possibility  that  chromium  (III)  may  be  the  more  stable  oxidation 
state  in  anhydrous  hydrazine. 

THE  BEHAVIOUR  OP  CrCl2  AND  CrCl3  IN  SOLUTION  IN  ANHYDROUS  HYDRAZINE 

Anhydrous  chromium  (II)  chloride  (CrCl2)  dissolved  in  anhydrous 
hydrazine  to  give  a  pale  violet  solution  which  rapidly  turned  a  bright  red 
colour.  The  dissolution  process  was  accompanied  by  a  considerable  evolution 
of  heat  and  gas.  The  corresponding  chromium  (III)  salt,  crci3,  also 
dissolved  in  anhydrous  hydrazine  with  some  vigour  and  produced  a  similar  red 
solution.  Despite  repeated  attempts  it  was  not  possible  to  isolate  solid 
complexes  from  these  chromium  solutions  and  therefore  investigations  were 
carried-out  to  establish  the  identity  of  the  dissolved  species  in  each  case. 
All  experiments  were  conducted  under  nitrogen  using  deoxygenated  anhydrous 
hydrazine  which  had  been  distilled  from  calcium  hydride. 

A  close  similarity  was  found  between  the  electronic  solution  spectra  of 
CrCl2  and  CrCl3  in  anhydrous  hydrazine  (Table  2)  and  this  suggested  that  the 
oxidation  state  of  the  metal  is  the  same  in  the  two  cases.  However  the 
spectra  are  not  typical  of  octahedral  chromium  (III)  species  in  hydrazine 
(e.g.  Cr(N2H3O02)3.2H20). 

Magnetic  susceptibility  measurements  were  carried-out  on  10~3  molar 
solutions  of  CrCl2  and  CrCl3  in  anhydrous  hydrazine  using  the  Evans  nuclear 
magnetic  resonance  (NMR)  method  (Reference  8).  Acetonitrile  was  used  as  the 


frequency  shift  indicator.  Measurements  were  also  made  on  C0CI2  solutions 
for  comparison  purposes.  High-spin  octahedral  cobalt  (II)  complexes  such  as 
Co(N2H4)$2+,2Cl"  (the  species  assumed  to  be  present  in  hydrazine  solutions  of 
C0CI2)  have  magnetic  moments  of  about  5BM  at  room  temperature  which  is  within 
the  range  observed  for  high-spin  octahedral  chromium  (II).  Therefore,  for 
species  of  similar  molecular  weight  the  susceptibility  values  for  chromium 
(II)  and  cobalt  (11)  in  hydrazine  will  be  similar. 

TABLE  2.  PROPERTIES  OF  CHROMIUM  SPECIES  IN  HYDRAZINE 


Crci2 

CrCl3 

Cr  { N2H3OO2 3 . 2H2O 

CoCl2 

Solution  electronic 

694, 525, 

698,532, 

700,522, 

- 

spectra  (nm) 

387,364. 

390,356. 

402 

Magnetic  susceptibility 

23.7 

15.8 

19.19  (Gouy 

57.0 

(1CT6  ciirSg-1  at  296K) 

method  on  solid) 

Molar  conductance 

25.7 

36.6 

1 

Uw"1m"’2Kmol~1) 

J&il _ 

<3iD 

111111 

Measurements  showed  (Table  2)  that  the  two  chromium  solutions  had 
susceptibilities  similar  to  one  another  but  considerably  different  from  that 
of  C0CI2  in  hydrazine.  This  suggested  that  the  chromium-hydrazine  solutions 
did  not  contain  the  metal  in  the  +2  oxidation  state.  The  susceptibility 
values  are  more  in  line  with  those  of  chromium  (III)  complexes  such  as 
Cr ( N2H3OO2 ) 3 . 2H2O .  Assuming  Cr^H^g^.SCl”  is  the  dominant  species  in  the 
CrCl3  solution,  a  view  supported  by  conductance  measurements  (Table  2)  which 
confirmed  the  presence  of  a  3:1  electrolyte,  then  the  measured  susceptibility 
would  give  a  magnetic  moment  of  3.7EM.  This  is  in  the  region  expected  for  a 
chromium  (III)  complex. 


The  higher  susceptibility  of  the  CrCl2  solution  implies  that  in  this 
case  a  chromium  (III)  species  of  lower  molecular  weight  than  Cr(N2H4)6^+.3Cl" 
is  the  principal  complex  in  hydrazine.  With  conductance  measurements  showing 


the  presence  of  a  2:1  electrolyte  (Table  2)  a  possible  species  would  be 
Cr(N2H4)sOH2+.2Cl“,  the  hydroxide  ion  arising  from  residual  water  in  the 
hydrazine. 

CONCLUSIONS 

Experiments  have  shown  that  chromium  (II)  can  be  oxidised  to  chromium 
(III)  in  the  presence  of  hydrazine.  However  it  is  possible  to  isolate 
chromium  (II)  hydrazine  complexes  such  as  Cr(N2H3C02)2*H2°  (reported  here  for 
the  first  time)  as  a  result  of  their  extreme  insolubility  in  all  common 
solvents.  In  solution  in  anhydrous  hydrazine  the  stable  oxidation  state  of 
chromium  is  +3. 

The  observation  that  chromium  (II)  is  converted  to  chromium  (III)  in 
anhydrous  hydrazine  may  be  important  in  relation  to  the  catalysis  of 
propellant  hydrazine  decomposition  by  trace  metals  in  which  chromium  is  known 
to  be  active  (Reference  2).  A  typical  catalytic  cycle  would  be  expected  to 
include  steps  for  the  oxidation  and  reduction  of  hydrazine.  Several 
transition  metals  in  their  common  oxidation  states  are  capable  of  oxidising 
hydrazine  (e.g,  Fe  (III)),  but  so  far  only  chromium  (II),  of  the  first-row 
transition  series,  has  been  confirmed  as  a  reducing  agent.  A  possible 
catalytic  cycle  may  therefore  include  the  following  sequence  of  reactions  (M 
is  a  metal  ion): 

Cr  (II)  +  N2H4  — »  Cr  (III) 
cr  (III)  +  M(II)— *»Cr  (II)  +  M  (III) 

M  (ill)  +  N2H4  — ♦  M  (II) 

Further  work  is  in  hand  to  explore  the  role  of  other  active  metals. 
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INTERACTIONS  OF  HYDRAZINES  WITH  COLLOIDAL 
CONSTITUENTS  OF  SOILS 


M.  H.  B.  Hayes,  K.  Y.  Chia,  and  T.  B.  R.  Yormah1 

Department  of  Chemistry,  Univ .  of  Birmingham,  Edgbaston, 
BIS  2TT,  England 


ABSTRACT 

Studies  are  described  of  interactions  of  hydrazine  and  of  monomethyl  hydrazine  (MMH)  with 
homoionic-exchanged  clays,  and  with  humic  acid  preparations.  The  hydrazines  were  shown  to  degrade  in 
solution  in  the  presence  of  oxygen,  Degradation  increased  with  pH,  and  was  enhanced  by  the  heterogeneous 
suiidces  provided  by  clays  homoionically  exchanged  with  K* ,  Na* ,  Mgi+  and  Ca1  +  ,  Mn1  + ,  C«2  +  ,  and 
Fr  *  -exchanged  clays  catalysed  the  degradation  because  of  the  abilities  of  the  cations  to  engage  in  redox 
reactions.  In  the  presence  of  Cu1  *  -montmorillonite,  degradation  of  hydrazine  in  solution  was  rapid  and 
vigorous. 

Sorption  by  the  Na*  -clay  decreased  as  pH  Increased,  but  sorption  by  At1"'  and  Fei  + -clays,  increased  as 
the  pH  was  raised  from  4  to  8.  This  is  explained  In  terms  of  oxyhydroxlde  species,  and  the  mechanisms  of 
sorption  are  discussed. 

Sorption  by  humic  acids  is  governed  by  the  shapes  of  the  macromolecules,  and  these  in  turn  are  influenced 
by  the  charge  neutralizing  cations.  Much  of  the  hydraznes  sorbed  are  irreversibly  bound, 

Sorption  in  the  soli  enviroment  will  be  strongly  influenced  by  the  humic  substances  and  to  a  lesser  extent  by 
the  clays.  Interactions  with  oxyhydroxides  are  intermediate  between  those  with  clays  and  with  humic 
substances. 


1  INTRODUCTION 

The  colloidal  constituents  are  the  active  surfaces  in  so  far  as  sorption  and  desorption  processes  in  the  soil 
environment  are  concerned.  These  constituents  are  composed  mostly  of  the  soil  clays,  which  are  related 
structurally  to  the  clay  minerals,  various  oxyhydroxides,  and  especially  those  of  aluminium,  iron,  and 
manganese,  and  the  organic  humus  colloids.  Each  of  these  colloidal  classes  can  have  an  independent  existence 
in  the  soil,  but  in  every  soil  there  will  be  an  association  of  clays,  oxyhydroxides,  and  humus  substances  ih 
what  might  be  considered  to  be  a  ‘conglomerate  soil  colloid’  structure. 

In  order  to  understand  the  nature  of  soil  colloid-sorbate  interactions  it  is  appropriate  first  to  investigate 
interactions  of  sorptives  with  well  characterized  preparations  of  clays  from  deposits,  with  laboratory 
synthesized  oxyhydroxides,  or  with  homogeneous  weil-characterized  oxyhydroxides  from  deposits,  and  with 
organic  colloids  isolated  from  soil  organic  matter.  When  interactions  with  such  substances  are  understood 
plausible  predictions  can  be  made  of  the  interactions  with  the  colloids  in  soils  when  the  abundance  and  the 
compositions  of  these  colloids  are  known. 

Because  water  is  the  solvent  in  the  soil  environment,  reactions  with  soil  colloids  of  hydrazines  in  aqueous 
solutions  are  most  relevant.  However,  hydrazines  have  significant  vapour  pressures  at  normal  soil  temperatures, 
and  vapour  phase  hydrazine-soil  colloid  interactions  are  Important,  particularly  when  the  concentrations  of 
sorptive  are  high  and  the  amounts  of  soil  water  are  low. 

Dissolved  oxygen  extensively  degrades  hydrazines  at  high  pH  values  (Ellis  et  al.,  1960),  and  so  it  is 
Important  to  be  able  to  distinguish  between  sorption  and  degradation  under  alkaline  conditions.  This  can  be 
done  by  carrying  out  the  sorption  experiments  under  aerobic  and  under  strictly  anaerobic  conditions. 


I 


Present  address  Department  of  Chemistry,  Fourah  Bay  College,  Univ.  of  Sierra  Leone,  Freetown,  Sierra 
Leone, 


Many  of  the  transition  metals  are  known  also  to  catalyse  the  degradation  of  the  hydrazines  (Cosser  and 
Tompkins,  1971),  and  this  catalysis  can  function  in  the  absence  of  oxygen  when  the  metals  act  as  one  or  two 
electron  acceptors  (Bottomley,  1970).  Experimental  work  by  Lurker  (1976)  has  shown  that  hydrazine,  except 
in  the  case  of  CuJ+  is  not  degraded  by  the  concentrations  of  transition  metals  found  in  natural  waters. 
However,  the  effective  concentrations  of  such  metals  at  the  surfaces  of  soil  colloids  are  much  higher  than 
those  in  the  bulk  solution,  and  work  by  the  authors  (Hayes  et  al. ,  1984a)  has  shown  that  interactions  of 
hydrazine  with  homoionic  metal-exchanged  soil  colloids  gave  rise  to  degradations  of  hydrazine  that  were 
significantly  greater  than  that  by  equivalent  amounts  of  metals  in  aqueous  solutions. 

The  work  described  here  used  hydrazine  hydrate  and  monomethylhydrazine  for  studies  of  the  extents  and  the 
mechanisms  of  sorption  of  these  sorptives  by  homoionic  exchanged  clays,  by  oxyhydroxides  of  iron  and 
aluminium  associated  with  clays,  and  by  humic  acids  isolated  from  soil. 

2  SOME  RELEVANT  SURFACE  PROPERTIES  OF  SOIL  COLLOIDS 

The  structures  of  pure  clays  from  deposits  are  well  understood  (see  for  example,  Brown  et  al.,  1978; 
Brown,  1988),  and  rapid  progress  is  being  made  in  understanding  the  various  types  of  interstratified  structures 
characteristic  of  many  soil  clays,  Much  is  known  also  about  the  composition  and  the  properties  of  the  various 
oxyhydroxides  in  soils  (Taylor,  1987;  Schwertmann,  1988;  Dixon  et  al.,  1988).  Althouh  less  is  known  about 
the  details  of  the  structures  of  humic  colloids,  there  is  good  awareness  of  functionality,  shapes,  and  sizes  of 
humic  and  fulvic  acids. 

Hydrogen  bonding  prevents  interlayer  expansion  when  the  siloxane  oxygen  plane  contacts  a  plane  of 
hydroxyls,  such  as  happens  in  kaollnite,  and  when  an  oxyhydroxlde  layer  intercalates  between  the  layers  of 
2;  1-layer  clays,  as  for  chlorite.  In  the  absence  of  isomorphous  substitution  (in  clays  such  as  kaolinite),  the 
charge  arises  predominantly  at  the  lateral  boundaries  or  the  edges  where  charge  excesses  or  deficienccs  arise 
from  broken  bonds.  Hydroxyl  groups  at  the  edges,  for  example,  may  be  singly  coordinated  to  Al(III)  species 
in  the  octahedral  sheet,  and  the  aluminol  hydroxyl  can  be  protonated  at  low  pH,  or  it  can  release  the  proton  at 
high  pH.  Thus  the  charge  on  edge  hydroxyls  is  pH  dependent.  Water  can  also  coordinate  with  AI(III)  species, 
and  the  water  can  release  a  proton  at  the  higher  pH  values  to  leave  a  negatively  charged  hydroxyl  at  the 
surface. 

Isomorphous  substitution,  where  it  occurs,  also  contributes  to  the  charge  at  the  edges  of  2:1  layer  clays,  and 
such  substitution  is  the  major  contributor  to  the  charge  on  non-expanding  clays,  such  as  the  chlorites  and  the 
hydrous  micas.  Isomorphous  substitution  is  the  major  contributor  to  the  charge  at  the  surfaces  of  expanding 
2:1  layer  clays.  When  the  substitution  is  located  in  the  octahedral  sheet  the  charge  on  the  siloxane  surface 
tends  to  be  smeared  uniformly  over  the  surface.  When  the  silicon  in  the  tetrahedral  layer  is  substituted,  the 
surface  charge  is  more  localized  and  located  more  specific  illy  on  the  three  surface  oxygen  atoms  coordinated 
to  the  sustituting  ion  than  on  the  oxygens  coordinated  ti  silicon.  This  more  localized  charge  makes  possible 
inner  sphere  coordination  between  the  siloxane  groups  and  certain  cations,  and  K  +  ions,  for  example,  fit 
snugly  in  the  hexagonal  holes  of  adjacent  superimposed  layers  of  vermiculite  and  'fix'  the  layers.  Hence 
K+  exchanged  vermiculites  are  non-expanding  In  aqueous  media,  and  serve  as  models  for  illltes  or  hydrous 
micas. 

The  2:1  and  1:1  layers  of  clay  minerals  can  articulate  well  at  their  interfaces  and  can  stack  in  many 
different  ways  (Newman  and  Brown,  1987),  Chlorite  minerals  with  hydroxide  layers  interspersed  regularly, 
provide  one  example  of  such  interstratification,  but  there  are  numerous  other  irregular  sequences  of  clay  layers 
which  give  rise  to  the  interstratified  clay  minerals. 

The  clay  mineralogy  of  a  soil  is  the  result  of  the  interaction  of  several  factors  with  the  parent  material  of 
the  soil.  These  factors  include  the  nature  of  the  parent  material,  the  climate,  relief,  vegetation  and  the 
microfauna.  Kaolinite  is  the  dominant  clay  mineral  in  acid  tropical  soils,  and  smectites  (especially  montmorillonite) 
often  dominate  the  clay  mineralogy  of  chernozems  or  vertisols.  Allophane,  a  ‘ribbon  clay'  can  dominate  the 
clay  mineralogy  of  soils  formed  from  volcanic  ash.  The  clay  mineralogy  of  most  soils  is  generally  not 
dominated  by  a  single  clay  mineral  species  and  it  is  not  unusual  to  find  in  soils  mixtures  such  as  kaolinite, 
smectite,  vermiculite,  chlorite  and  mixed  layer  minerals  Inherited  from  the  parent  materials  (Brown,  1988). 
The  task  of  Identifying  the  soil  clays  can  be  complex,  particularly  where  interstratification  is  involved.  It  is 
important  to  recognize  that  clays  In  soils  can  have  associated  with  their  surfaces  oxyhydroxlde  species,  as  well 
as  organic  matter. 


Taylor  (1987)  has  summerized  the  origins  and  the  nature  of  the  charges  at  the  hydroxylated  surfaces. 
Because  the  charges  on  these  are  pH  dependent,  the  pH  of  the  soil  environment  will  determine  the  nature  und 
the  extent  of  the  charge  on  the  oxyhyroxide  surface.  There  is,  of  course,  the  zero  point  of  charge  (ZPC)  or 
the  pH  value  at  which  positive  and  negative  charges  balance. 

lsomorphous  substitution  by  cations  of  higher  or  of  lower  valence  can  take  place  in  oxide  and  oxy hydroxide 
materials,  but  the  contribution  of  this  process  to  the  surface  charge  of  such  minerals  is  small.  Because  oxide 
surfaces  hydrate  readily,  the  oxide  minerals  would  be  hydrated  in  the  soil  environment  where  the  relative 
humidity  is  high. 

Soil  poysaccharides  and  humic  substances  are  the  principal  components  of  the  soil  organic  colloids.  It  is 
well  known  that  the  polysaccharides  play  an  Important  role  in  stabilizing  soil  aggregates,  but  there  is  no 
evidence  to  indicate  that  such  polymers  are  effective  binders  of  organic  chemicals.  Because  of  the  presence  of 
uronic  acids  in  some  soil  polysaccharide  structures,  it  is  possible  that  the  acid  groups  could  form  salts  with 
hydrazines,  and  it  is  possible  also  that  the  carbaldehyde  groups  at  the  reducing  ends  of  the  polysaccharides 
could  form  schiff  base  structures  with  hydrazines.  However,  because  of  suspected  limited  reactivities  between 
polysaccharides  and  small  sorptive  molecules,  their  compositions  and  properties  will  not  be  discussed  here. 

Humic  acids,  ftilvic  acids  and  humin  materials  are  the  components  of  humic  substances,  and  these  are 
classified  on  the  basis  of  their  solubilities  in  aqueous  acids  and  bases,  Humic  acids  are  solubilized  in  base,  but 
are  precipitated  when  the  pH  of  the  medium  is  adjusted  to  1.0.  Fulvic  acids  remain  in  solution  when  the  pH 
values  of  alkaline  solutions  of  humic  substances  are  adjusted  to  1.0.  Humin  materials  are  insoluble  in  aqueous 
acid  and  base. 

Hayes  and  Swift  (1978),  among  others,  have  discussed  structures  of  humic  substances,  and  up  to  date 
treatments  of  data  relating  to  the  composition  an  structures  of  these  substances  are  contained  in  Hayes  et  al. , 
(1988).  Hayes  and  Himes  (1986)  and  Hayes  and  Isaacson  (1988)  have  dealt  with  aspects  of  the  structures  of 
humic  substances  which  are  important  for  the  binding  of  organic  chemicals. 

From  our  knowledge  of  reaction  mechanisms,  and  from  identifications  of  digest  products  when  humic 
substances  are  degraded,  it  may  be  concluded  that  the  ‘cores'  of  humic  macromolecules  have  varying  extents 
of  aromaticity,  that  the  aromatic  units  are  predominantly  single  ring  structures,  and  that  these  rings  curry  one 
or  more  hydroxyl  (phenolic)  or  m.ithoxyl  group  substituents,  and  generally  a  carboxyl  group  as  well.  The 
linking  units  would  Include  ether  structures  (aromatic ■O-aromatic,  aromatic-O-aliphatlc,  and  allphatlc-O-aliphatlc), 
and  aliphatic  hydrocarbon  structures  also  link  the  aromatic  units.  These  hydrocarbons  may  have  a  degree  of 
unsaturation  and  have  several  carbon  atoms,  und  the  aliphatic  carbons  may  variously  be  substituted  by 
carboxyl,  hydroxyl,  and  carbonyl-  including  quinone  and  carbaldehyde  groups. 

From  analysis  of  titrations  data  it  can  be  deduced  that  the  cation  exchange  capacity  (CEC)  of  humic  acids  is 
In  the  range  of  4000  to  6000  peq  g  “ 1  and  the  corresponding  values  for  ftilvic  acids  are  in  the  range  of  6000 
to  12000  tieq  g*  l.  In  the  cases  of  both  macromolecular  acids,  the  carboxyl  group  is  the  major  contributor  to 
the  acidity, 

A  knowledge  of  shapes  and  sizes  is  important  in  order  to  understand  the  sorption  characteristics  of  humic 
substances.  In  their  natural  environments  these  substances  are  highly  polydlsperse  with  respect  to  size  und 
charge.  In  a  classic  set  of  experiments  Cameron  et  al.,  (1972)  careftilly  fractionated  humic  acids  using  gel 
chromatography  and  graded  porosity  membrane  procedures,  and  from  sedimentation  equilibrium  datu  they 
calculated  molecular  weight  values  ranging  from  2.6  x  103  to  1.36  x  I0&  for  the  fractions  isolated.  From  plots 
of  frictional  ratio  versus  molecular  weight  values  Cameron  et  al.,  concluded  that  humic  substances  adopt 
random  coil  conformations  in  solution. 

Humic  substances  are  present  in  soils  as  solids  or  as  gels,  and  the  shapes  of  the  solid  and  gel  structures  can 
be  deduced  from  our  knowledge  of  the  solution  conformations  of  the  macromolecules.  Precipitation  of  humic 
substances  from  solution,  whether  by  hydrogen  bonding  of  the  H +  -exchanged  structures  or  by  bridging 
through  divalent  or  polyvalent  cations,  will  have  the  general  effect  of  causing  the  diffuse  spherical  boundaries 
of  the  random  coil  structures  to  shrink.  As  the  molecular  strands  are  pulled  together  and  precipitation  takes 
plucc,  the  humic  substances  will  be  compacted  into  sphericul-type  structures,  und  the  contributions  of  hydrogen 
bonding  and  of  the  bridging  cations  to  the  contraction  of  the  sphere  will  be  enhanced  by  van  der  Wauls  forces, 
and  in  particular  by  those  acting  between  hydrophobic  components  within  and  between  udjacent  nmcromolecules. 
It  would  appear  that  during  shrinking  or  drying  the  more  polar  groups  associate  with  each  other  (and  with 
cations  as  appropriate),  und  orientate  towards  the  Interiors  of  the  structures.  In  this  way  the  more  hydrophobic 
components  are  orientated  towurds  the  exteriors  of  the  structures.  Such  would  explain  why  humic  acids  (and 


highly  organic  soils)  are  difficult  to  rewet  after  drying.  It  is  relevant  to  point  out  that  fulvic  acids  are  not 
leached  from  soils  because  of  the  associations  which  they  form  (by  hydrogen  bonding  and  by  cation  bridging) 
with  the  humic  acids  and  with  the  inorganic  soil  colloids. 

In  the  ‘conglomerate  soil  colloid'  coulombic  attraction  can  hold  the  negatively  charged  clays  and  positively 
charged  oxyhydroxides  together  at  pH  values  below  the  ZPC  of  the  oxyhydroxldes.  The  attractive  forces 
between  these  inorganic  colloids  are  very  strong,  as  exemplified  by  the  interlayer  associations  of  oxyhydroxides 
in  2:1  layer  clays  to  give  chlorites.  Humic  substances  and  other  negatively  charged  organic  macromolecules 
can  in  turn  be  held  by  coulombic  forces  to  the  oxyhydroxides. 

Cation  bridging  mechanisms  are  also  important  for  the  binding  of  humic  substances  to  clays,  and  divalent 
and  polyvalent  metal  cations  arc  involved  In  the  bridging  processes. 

The  'conglomerate  colloid’  will  expose  surfaces  which  have  a  mixture  of  the  properties  of  clays  (because  not 
all  of  the  clay  surface  need  be  covered),  oxyhydroxides,  and  humic  substances.  However,  a  sorptive  species 
will  bind  to  the  first  of  these  components  that  it  contacts,  provided  it  has  an  affinity  for  the  surface.  Because 
of  sorption-desorption  equilibrium  processes,  the  sorptive  will  end  up  as  a  sorbate  species  predominantly  on 
the  component  of  the  ‘conglomerate’  for  which  it  has  the  greatest  affinity. 

3  STUDIES  OF  SORPTION  OF  HYDRAZINES:  MATERIALS  AND  PROCEDURES 

3.1  Materials 

Clays .  The  <  2  pm  fractions  of  a  montmorillonite  (Camp  Berteau,  Morocco),  a  kaollnite  (Oneal  Pit, 
Oeorgia),  and  a  bentonite  (Wyoming)  were  isolated  after  the  clays  had  been  pretreated  with  NaOCl  to  remove 
organic  matter.  CEC  values  were  determined  for  each  sample  using  isotope  dilution  (with  22Na  as  the  tracer 
ion).  In  addition  to  the  Na  + -exchanged  forms,  A1J  +  -,  FeJ  +  -,  Cu2  +  -,  Mn2*-,  Ca2  +  -,  Mg2  +  -,  and 
K +  -montorillonite  and  kaollnite  clays  were  prepared  by  dispersing  each  clay  (lg)  In  50  cm1  of  the  metal 
chloride  solution  (1M),  equilibrating,  centrifttging ,  washing  with  HjO,  then  with  ethanol,  and  finally  with  HjO 
to  remove  chloride  salts. 

Humic  substances.  Humic  and  ftilvic  acids  were  extracted  in  0.5M  aqueous  NaOH  in  an  atmosphere  of 
dinitrogen  gas.  After  centrifugation  the  supernatant  was  adjusted  to  pH  1.0  wuh  HC1,  and  the  precipitated 
humic  acids  were  separated  by  centrifugation.  The  fulvic  acids  remained  in  solution.  This  solution  was 
dialysed  against  distilled  water  and  the  ftilvic  retentates  were  freeze  dried.  The  sedimented  humic  acids  were 
first  washed  with  distilled  water,  then  dialysed  against  distilled  water  to  remove  salts  and  low  molecular 
weight  organic  components,  and  the  non-dialyzabie  components  were  freeze  dried. 

Clay-oxyhydroxide  preparations.  NaOH  (0.103M)  solutions  were  added  In  0.2  cm’  Increments  to  0.5  per 
cent  w/v  or  1.0  per  cent  w/v  suspensions  of  aluminium-  or  fertlc  montmorillonite  and  -kaollnite  clay 
preparations.  Base  was  added  till  pH  values  of  8.0  and  10.0  were  obtained.  Suspensions  were  then  left  to 
equilibrate  overnight  while  Nj  gas  was  bubbled  slowly  through. 

Hydrazine  compounds.  Hydrazine  hydrate  (NaH^HjO)  wus  supplied,  pure,  by  Koch-Light  Laboratories,  and 
monomethylhydrazine  (MMH,  CHjNHNHi;  98%  purity)  was  supplied  by  the  Aldrich  Chemical  Co,  Ltd. 

3.2  Methods  for  Studying  Sorption 

In  any  study  of  sorption  processes  It  is  important  to  know  whether  or  not  the  sorptive  species  are  degraded 
in  the  sorption  medium.  In  order  to  check  the  stabilities  of  hydrazine  and  of  MMH  in  water,  solutions  of  the 
compounds  in  distilled  water  in  sealed  vials  were  monitored  at  regular  intervals.  Analyses  used  a  modification 
of  the  spectrophotometric  procedure  of  Reynolds  and  Thomas  (1965)  in  which  p-dimethylaminobenzaldehyde 
(DMBA)  is  used  to  form  a  dimeric,  coloured  azine  with  the  hydrazo  group.  The  modification  used  it  0.4  per 
cent  DMBA  solution  instead  of  the  4  per  cent  used  in  the  gcnerul  procedure. 

In  order  to  investigate  degradations  of  the  hydrazines  in  the  presence  of  homoionically-exchanged  cluys, 
suspensions  of  Na  +  -,  K*-,  Ca2  +  -,  Mg2"-,  Al3  +  -.  Fe3*-,  ami  Cu2  + -exchanged  clays  were  dispersed  In 
sealed  vials  in  an  ultrasonic  bath,  and  aliquots  of  hydrazine  were  injected  through  the  ’sub-a-seai'  top. 
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Concentrations  of  hydrazine  materials  were  monitored  at  hourly  intervals.  To  check  the  influences  of  the 
cations  in  the  absence  of  clays  320  ppm  of  the  appropriate  cation  chloride  solution  were  treated  in  the  same 
way  and  changes  with  time  of  the  concentrations  of  hydrazines  were  monitored. 

Batch  slurry  procedure.  This  procedure  was  used  for  studies  of  sorption/desorption  in  clay  systems.  Fixed 
aliquots  of  stock  solutions  of  the  sorptives  were  added  to  clay  suspensions,  and  after  equilibration  for  15 
minutes  (using  a  vortex  shaker)  the  mixtures  were  centrifuged  and  the  supernatants  were  analysed. 

For  desorption  studies  successive  volumes  of  supernatant  were  removed  and  replaced  by  deoxygenated 
distilled  water  at  the  pH  of  the  clay  suspensions,  Desorption  was  calculated  from  the  concentrations  of  sorptive 
in  the  supernatants.  In  order  to  determine  the  influence  of  salt  on  desorption,  some  experiments  used  0.1M 
NaCl  solutions. 

The  continuous  flow  stirred  cell  automated  colourimttrlc  analysis  technique  (CFSC-ACA),  The  theory  behind 
the  CFSC  technique  has  been  described  in  some  detail  by  Ryan  and  Hanna  (1971),  Smediey  (1987),  Hayes 
(1980),  Hartmann  (1981),  and  Isaacson  and  Hayes  (1984)  have  described  the  CFSC-ACA  procedure  relevant 
to  the  present  study. 

A  known  amount  of  humic  acid  was  suspended  in  water  and  continuously  stirred  in  a  reaction  cell. 
Hydrazines  of  known  concentration  was  passed  continuously  from  a  reservoir  into  the  cell,  and  the 
concentrations  of  the  hydrazines  in  the  eluates  from  the  cell  were  monitored  by  the  AC  A  sytem.  The  basis  of 
the  ACA  procedure  is  as  follows: 

1,  a  continuously  flowing  stream  of  sample  solution  from  the  cell  Is  segmented  using  a  gas  bubble  (usually 
air  or  Nj).  This  process  reduces  laminar  flow,  and  prevents  interfacial  mixing  of  one  segment  with  the 
next; 

2,  local  mixing  of  the  sample  and  reagent  (DMBA)  within  each  segment  Is  achieved  as  the  'plugs'  pass  over 
each  turn  of  a  helical  mixing  coil  with  Its  axis  orientated  horizontally; 

3,  the  reproducibility  of  the  colour  development  and  detection  -  l.e.  the  colour  of  the  complex  -  need  not 
be  developed  to  its  maximum  as  long  as  the  point  at  which  the  colour  is  measured  is  reproducible. 

Chia  (1982)  and  Hayes  et  ai,  (1984a)  have  described  In  detail  the  extensive  precautions  which  are  needed 
in  order  to  obtain  accurate  measurements  when  employing  the  CFSC-ACA  procedure. 

Sorption  from  the  vapour  phase.  A  modified  McBaltt-Baker  type  of  apparatus  was  used  to  measure 
gravimetrically  the  amount  of  vapour  sorbed,  using  a  helical  silica  spring. 

3.3  Methods  for  Investigating  Sorption  Mechanisms 

Microcalorimetry  studies.  An  LKB  10700-  Batch  microcalorimeter  was  used.  To  investigate  the  energetics  of 
Interactions  with  clays  and  humic  acids  suspensions  were  prepared  such  that  concentrations  of  sorbent  in  the 
cells  after  mixing  were  the  same  as  those  used  in  sorption  studies,  Details  of  procedures  are  contained  in  Chia 
(1982)  and  Hayes  and  Isaacson  (1984). 

X-ray  studies.  A  Phillips  PW  1030/70  diffractometer  was  used  employing  CuKa  rudiutlon  (X  —  1 .541  A). 
The  technique  of  sedimentation  on  glass  was  used  for  sample  preparation. 

Infrared  analysis,  Seif  supporting  clay  films  were  used,  The  films  were  first  prepared  prior  to  equilibrating 
with  the  hydrazine  vapours  (brought  into  contact  with  the  clay  by  standing  the  film  over  liquid  hydrazine  or 
MMH  in  dessicators  at  28°C.  To  obtain  infrared  spectra  of  H* -humic  acid-hydrazine  complexes,  samples  of 
the  complexes  (1-2  mg)  made  up  in  KBr  discs  (300mg)  were  used. 

Differential  thermal  analysis,  A  StHnton  Redcroft  780  simultaneous  Thermal  Analyser  was  used  in  this 
study,  and  alumina  was  employed  as  a  reference  material  and  a  stream  of  dry  N2  (flow  rate  60  cm'1  min-1) 
was  passed  into  the  system  to  provide  an  inert  atmosphere. 


4.  RESULTS  FROM  SORPTION  STUDIES 


4.1.  Solution  Degradations  of  Hydrazines  in  the  Presence  or  Absence  of  Montmorillonites 

Camp  Berteau  montmorillonite  and  Oneal  Pit  kaolinite  were  used  in  these  studies.  The  hydrazines  in  solution 
underwent  an  initial  oxidation  by  the  oxygen  dissolved  in  the  solution;  thereafter  the  concentrations  of  the 
hydrazine  and  of  the  MMH  remained  constant,  In  the  absence  of  clay,  the  concentrations  of  hydrazine  and  of 
MMH  which  persisted  in  solution  were  ca.  90  and  85  per  cent,  respectively,  of  the  starting  materials. 

On  addition  of  the  hydrazines  to  the  clay  suspensions  some  were  adsorbed  and  some  were  oxidized. 
Microcalorimetry  showed  that  sorption  was  rapid.  Equation  (1)  Indicates  how  the  extents  of  degradation  were 
measured,  and  Table  1  provides  the  data  for  the  degradation  of  the  hydrazines  in  the  presence  of  1%  clay 
suspensions  at  different  pH  values,  where  K  is  the  extent  of  degradation  of  hydrazine  in  1  %  clay  suspensions, 
and  A  is  the  amount  of  hydrazine  in  supernatant  after  a  period  of  reaction,  and  B  is  the  amount  of  hydrazine 
added  at  the  start,  and  C  is  the  amount  of  hydrazine  adsorbed. 

K  -  A/(B  -C)  1 

Table  1  Extents  of  degradation  and  adsorbtion  at  different  pH  values  of  hydrazines  in  the  presence  of  1% 
(w/v)  suspensions  of  homolonlc-exchanged  montmorillonite  preparations. 


EbcohangMbl*  pH  of  suspension  %  unadsorbsd  Sorbata  held 

cation  on  Hydras  in*  dagradad  (g“*  clay) 


Addition  of  Hydra*! an 


K* 

6.4 

9.6 

30-5 

40-5 

- 

NaJ 

5.6 

9.9 

it 

•i 

100 

Ca2+ 

7.2 

9.2 

n 

•i 

90 

Mq2+ 

6.5 

9.5 

II 

•i 

83 

Cu2+ 

4.9 

5.2 

>95 

>95 

243 

Mn2* 

5.6 

9.6 

30-5 

60-5 

113 

Al3* 

3.6 

7.6 

II 

30-5 

738 

P.3+ 

2.8 

7.6 

II 

50-5 

819 

Addition  of  Mononst lylhytaudns  (MMH) 

Na+ 

5.6 

8.8 

30-5 

- 

81 

The  data  in  Tuble  1  show  that,  with  the  exception  of  the  CuJ  +  -eluy,  about  30%  of  the  hydrazine  in  solution 
was  degraded  after  3h,  and  further  degradations  after  prolonged  interaction  was  significant  only  for  the  MnJ  +  - 
and  Fe  -  systems.  Sorption  of  hydrazines  was  small  in  the  pH  range  8.8  to  9.9,  but  the  amounts  sorbed  by 
the  FcJ  +  -  and  A1J  +  -  exchanged  clays  (pH  7.6)  were  high, 

Vigorous  effervescence  was  observed  after  addition  of  hydrazine  to  the  Cu‘t  +  -cluy  suspension.  Although  the 
sorbed  hydrazine  did  not  degrade  ftirther,  a  negligible  amount  was  left  in  solution  after  Ih. 

Data  in  Table  2  give  the  extents  of  degradation  of  hydrazine  in  the  presence  of  320  ppm  of  eutions  in  metal 
chloride  solutions  at  different  pH  values.  Additions  of  hydrazine  did  not  raise  the  pH  in  the  cases  of  CuClj, 
AlClj,  and  FeClj  solutions.  Again  degradation  was  most  rapid  and  greatest,  (and  was  accompanied  by 
effervescence  and  the  formation  of  u  grey  precipitate),  in  the  CuClj  solution,  and  degradation  also  increased 
during  the  3-24h  interval  in  MnCU  when  the  medium  darkened  und  a  light  white  gelatinous  precipitate 


Table  2  Extents  of  degradation  of  hydrazine  in  the  presence  of  metal  chloride  solutions  (320  ppm  Mn2*)  at 

different  pH  values. 

Cation  of 
chloride 
solution 


Addition  at  Hydrazine 


K* 

5.4 

8.4 

<10 

<10 

Na+ 

5.7 

8.5 

<10 

<10 

Ca2+ 

5.5 

8.1 

<10 

20 

Mg2* 

5.2 

8.4 

<10 

20 

Cu2+ 

4.5 

4.3 

50 

>95 

m2+ 

5.8 

8.3 

<10 

75 

ai3+ 

3.6 

3.6 

<  5 

<  5 

Fe3+ 

2.2 

2.2 

<  5 

20 

formed.  A  gelatinous  brown  precipitate  also  formed  during  the  3-24h  interval  of  degradation  in  the  FeClj 
solution. 

4.2  Mlcrocalorlmetry  Results 

The  enthalpies  of  the  interactions  of  hydrazine  with  preparations  of  homoionically-  exchanged  montmorillonlte 
and  with  metal  chloride  solutions  are  given  in  Table  3. 

Interactions  with  Na  +  -,  Mg2*-,  Ca2*-,  Al3*-,  and  Fe,  + -salts  gave  a  single  exothermic  peak,  and  no 
additional  enthalpy  peaks  were  observed  on  subsequent  mixings.  Interaction  with  the  CuCl2  was  highly 
exothermic,  and  energy  of  interaction  was  still  measurable  after  five  mixings  of  the  cell  contents.  The  energy 
evolved  when  the  hydrazine  was  interacted  with  the  salt  solutions  was  greater  than  for  the  interaction  with  the 
clay  suspension  in  the  cases  of  the  Cu2*-,  Mn1  * and  Fe3*-  salts.  In  the  cases  of  the  interaction  with  the 
homoionic-exchanged  clay  suspenions,  at  least  three  mixings  were  necessury  to  complete  the  reaction,  und 
significant  amount  of  energy  were  released  even  after  six  mixings  in  the  case  of  the  Cu  -clay. 

When  320  ppm  of  solutions  of  Mn2*-,  Cu2*-,  Al3*-,  and  Fe3*-  chlorides  were  reacted  with  sodium 
hydroxide  solutions  (pH  12)  the  enthalpies  of  the  reactions,  expressed  as  J  meq~ ',  were  13.00,  33.48,  8.67, 
and  50.01,  respectively,  for  the  cations,  and  these  values  were  similar  to  those  for  interactions  with  hydrazine 
in  the  cases  of  the  Mn1  * ,  Al3  * ,  and  Fe3  *  salts. 

4.3  Interacficns  of  Hydrazine  and  MMH  with  Homoionic-exchanged  clays 

Degradation  of  hydrazine  in  supensions  of  Na*-,  K*  ,  Mg2*-,  and  Ca2  * -exchanged  montmorillonites  (pH 
9.2  to  9.9)  was  greater  than  in  the  corresponding  metal  chloride  solutions  (pH  8,1  to  8,5).  The  higher  pH 
contributed  to  the  degradation,  and  also  losses  of  hydrazine  in  the  supernatants  (30-40%)  was  considerable  in 
the  presence  of  dissolved  oxygen.  Montmorillomte.  a  heterogeneous  component  in  the  system  catalysed  the 
degradation.  Degradation  of  MMH  was  enhanced  even  by  Na  *  -montmorillonlte.  and  the  effect  was  not  one  of 
pH. 

The  enthalpy  data  for  the  interactions  with  these  four  metal-exchanged  clays  (Table  3),  were  net  heat 
outputs.  The  adsorption  data.  Tabic  1.  show  that  hydrazine  was  not  adsorbed  by  the  K*-clay,  und  data  in 
Table  3  show  that  the  net  energy  for  the  interaction  of  the  sorptives  was  less  for  the  Ca2  *  -  and  Mg2  *  -clays 
than  for  the  Na*-clay,  though  the  amounts  adsorbed  were  similar.  The  energy  differences  can  be  attributed  to 
the  increased  energy  needed  to  displace  water  in  the  hydration  shells  of  the  divulent  cations  during  the  sorption 
process. 


pH  of  solution 


Before 


After 


%  of  added 
hydrazine  degraded 

_ after _ 

_ 3h _ 24h 


Table  3.  Enthalpies  of  the  interactions  of  10  meq  dm-3  hydrazine  with  \%  w/v  homoionic-exehanged 
montmorillonite  at  28  +/-  0.05  °C  and  with  320  ppm  metal  chloride  solution  at  29  +/-  0.05CC. 


BH 

pH  of  suspension 
Before  After 

interaction 

Enthalpy 

( Jcf 1 ) 

Eiithalpy* 

J  maqf1 

K+ 

5.3 

8.5 

1 

11.90 

7, 

0.85 

- 

Na+ 

5.3 

9.9 

1 

12.30 

1.42 

Mg2* 

2 

2.06 

~ 

6.5 

9.5 

1 

3.12 

0.40 

Ca2+ 

2 

1.01 

- 

7.4 

9.2 

1 

4.83 

0.58 

Cu2+ 

2 

1.85 

- 

4.5 

5.2 

1 

86.30 

103.00 

2 

23.30 

16.68 

3 

9.71 

9.60 

4 

5.99 

8.96 

5 

3.93 

5.98 

*ta2+ 

6 

2.00 

- 

6.1 

9.6 

1 

9.73 

13.40 

2 

4.23 

8.46 

Al3+ 

3 

3.88 

7.54 

3.6 

6.8 

1 

11.70 

10.62 

Fo3+ 

2.8 

6.4 

1 

31 .70 

69.00 

2 

5.20 

- 

3 

4.33 

- 

When  hydrazine  solution,  with  the  pH  adjusted  to  8,  was  added  to  FeJ  *  •  and  Al3  *  -montmorillonite.  the  pH 
of  the  suspension  was  8.0,  and  30%  of  the  sorptive  degraded  in  the  metal  chloride  solutions  at  low  pH.  Thus 
the  higher  pH  and  the  catalytic  effect  of  the  clay  enhanced  degradation. 

Degradation  in  Mn2*-  montmorillonite  was  greater  than  in  MnCU  solution  (30%  versus  10%,  and  pH 
values  were  9.6  and  8.3).  Hydrous  oxides  of  Mn  formed  at  the  higher  pH.  On  standing  for  24h  the 
concnetration  of  hydrazine  drooped  to  40%  of  the  original  indicating  that  the  exchangeable  Mn2*  enhanced 
degradation  above  that  for  the  k*-,  Na*-,  Ca2*-,  and  Mg2*-  exchangeable  species.  The  ability  of  Mn2*  to 
complex  hydrazine,  and  its  ease  of  hydrolysis  (pKa  of  Mn2*  is  10.5)  gave  rise  to  greater  interaction  between 
the  sorptive  and  Mn2* -montmorillonite. 

The  data  in  Table  3  show  that  the  interaction  of  hydrazine  with  Cu2  * -montmorillonite  and  with  CuCl: 
solution  is  highly  energetic.  The  catalytic  effect  of  Cu2*  on  the  decomposition  of  hydrazine  is  well 
established.  As  mentioned  (Section  4.2)  the  heat  of  hydrolysis  of  Cu2*  ions  was  33.48  J  meq"  1  when  320ppm 
CuC'.z  solution  was  added  to  NaOH  solution  at  pH  12.  Thus  the  major  part  of  the  heat  produced  in  the 
separate  reactions  between  hydrazine  and  Cu2  * -montmorillonite  and  hydrazine  and  CuCU  solution  was 
attributable  to  the  degradation  of  hydrazine. 

In  the  CuCli  solution,  the  initial  rapid  degradation  was  accompanied  by  reduction  of  Cu2*  to  Cu*. 
Complexation  of  Cu(I)  by  hydrazine  protects  the  hydrazine  against  degradation.  In  the  presence  of  clay, 
enhanced  degradation  of  hydrazine  could  take  place  because  of  the  increased  effective  Cu2  *  concentration  at 
the  clay  surface  compared  with  that  in  the  CuCh  solution.  Even  after  the  concentration  of  sorptive  in  the 
supernatant  was  zero,  sorbate  was  still  detectable  on  the  clay,  Hydrolysis  or  reduction  of  the  exchangeable 


Cu2  *  would  cause  an  inbalance  in  the  negative  charges  on  the  clay,  and  this  would  be  balanced  by 
hydrazinium  ions.  The  adsorbed  hydraine  was  stabilized  against  rapid  decomposition. 

Data  in  Table  4  give  the  values  for  the  maximum  adsorption  of  hydrazine  by  homoionically-exchanged 
montmorillonite  and  kaolinite  clays,  and  of  MMH  by  an  Al3  +  -montmorillonite. 


Table  4  Maximum  adsorption  of  hydrazine  (N2H4)  and  MMH  (CHaNHNHj)  by  montmorillonite  (M)  and 
kaolinite  (K)  clays  exchanged  with  cations  of  different  valence. 


Clay 

Initial 
pH  of  clay 
suspension 

pH  of 
hydrazines 
solution 

Maximum  adsorption 
_ iflBBLSClJL 5 £ _ 

NjHj  CH3NHNH2 

Na+M 

5.6 

4.0 

650 

5.6 

8.0 

100 

_ 

Ca2+M 

4.0 

4.0 

70 

- 

$.8 

10.0 

97 

Al3+M 

4.0 

4.0 

149 

- 

4.0 

10.0 

900 

1000 

8.0 

8.0 

1500 

2000 

10.0 

10.0 

225 

Fa3+M 

2.8 

8.0 

900 

- 

2.8 

10.0 

1100 

- 

Na+K 

6.7 

4.0 

120 

- 

6.7 

6.0 

75 

- 

Al3+K 

4.5 

4.0 

42 

- 

8.0 

8.0 

220 

- 

The  date  show  that  the  pH  of  the  solution  with  the  hydrazine  sorptive  influenced  sorption  significantly. 
Sorption  by  the  Na* -exchanged  clays  decreased  as  the  pH  of  the  sorptive  solution  increased.  Water  washing 
removed  200  /teq  g-1  sorbate  from  the  Na* -montmorillonite  system  (pH  4),  and  340  /*cq  g“ 1  was 
subsequently  removed  on  washing  with  0.1M  NaCl.  When  hydrazine  in  solution  at  pH  8  was  added  to 
Na*  -montmorillonite,  pH  5.6,  the  medium  soon  attained  pH  8,  and  maximum  adsorption  decreased  to  100  /teq 
g"1.  Adsorption  by  Ca2  *  -montmorillonite  was  low  even  at  pH  4.  None  of  the  hydrazine  sorbed  by  the 
montmorillonite  at  the  two  pH  values  was  removed  with  water,  but  all  was  with  0. 1M  NaCl. 

Al3  * -exchanged  clay  at  pH  8  and  above  gave  rise  to  hydroxyaluminium  (oxyhydroxide)  structures.  All  of 
the  Al3*  could  be  exchanged  from  A1J  * -montmorillonite  (pH  4)  using  1M  NaCl.  Some  lattice  Al  was  also 
removed  in  a  i.OM  NaCl  and  1.0M  HC1  solution.  No  Al3*  was  removed  by  washing 
hydroxyaluminium-montmorillonite  (pH  8)  in  0.1M  NaCl.  However,  the  Al3*  was  exchangeable  in  1M  NaCl 
and  0. 1M  HC1.  When  the  pH  of  the  medium  was  10  all  of  the  Al3*  was  exchangeable  in  1M  NaCl.  Similar 
effects  were  observed  for  Al3  *  -kaolinite  preparations.  The  data  show  that  when  hydroxyaluminium  species 
were  formed,  especially  at  pH  8,  these  species  were  fixed  on  the  clay  surface. 

Sorption  of  220  j«q  g“‘  of  hydrazine  by  Al3* -kaolinite  at  pH  8  (Table  4)  amounted  to  twice  the  CEC  of 
the  clay  (shown  by  Na* -exchange  to  be  105  ^eq  g ” ').  Assuming  surface  coverage  to  be  23.1  A2  per 
molecule,  the  total  area  covered  by  the  sorbate  was  30.5  m7  g"  *,  which  is  in  the  range  of  the  specific  surface 
area  (29  -  44  m2  g"  ‘)  for  the  clay  (Yormah,  1981). 

Al3* -montmorillonite,  pH  4,  adsorbed  149  ^ieq  g'1  hydrazine,  but  oniy  90  jteq  Al3*  g"1  was  displaced. 
NaCl  (0.1M)  desorbed  56  u«q  g-1  hydrazine  and  130  ueq  g'1  Al3*.  Adsorption  of  hydrazine  caused 
hydrolysis  of  some  exchangeable  Al3  * ,  but  the  amount  sorbed  was  not  sufficient  to  cause  fixation  of  all  of  the 
exchangeable  Al3*  in  the  interlayer  spaces. 


No  Al3  +  exchange  occurred  during  the  sorption  of  hydrazine  by  Al3  +  -  and  hydroxyaluminium-  montmorillonite, 
pH  8,  and  none  resulted  from  washing  with  labelled  0.1M  NaCl  solution.  Hydrolysis  of  the  cations  had 
rendered  them  non-exchangeable. 

The  Na+  -exchange  capacity  of  this  montmorillonite  was  1230  /teq  g-1,  and  the  increased  CEC  was 
attributable  to  the  contribution  of  the  pH-dependent  charges  on  the  oxy hydroxide  species.  Sorption  of 
hydrazine  and  of  MMH  by  hydroxyaluminium-montmorilllonite  (pH  8)  was  17%  and  37%  greater,  respectively, 
than  the  CEC  of  the  clay  (Table  4). 

Table  5  Effects  of  different  concnetrations  of  21NaCl  on  the  desorption  of  hydrazine  and  MMH  and  sorption  of 
Na+  by  hydrazine-  and  MMH-  interacted  Al3’'  -  and  hydroxyaluminium-montmorillonite  complexes. 


Clay  Preparations 

Desorption 
madiun 
(M  NaCl) 

Amount  of 
hydrazine 
desorbed 
Ota-g"1 ) 

Amount 

Na4*  adsorbed 

tffeq  g"1 ) 

(a)  Hydrasina  ocnplsoGee. 

Al3+-mcnt.  (pH  4)  interacted  with 

0.01 

304 

375 

hydrazine  solution  pH  8 

0.1 

642 

572 

HydtreoeyalumlidunMtmtnorillonite 

0.01 

466 

472 

hydrazine  complex  (pH  8) 

0.1 

722 

911 

(b)  MMH  ■■"bed  ocnplsBcee 

Al3+-raont.  (pH  4)  Interacted  with 

0.01 

509 

440 

MW  solution  (pH  8) 

0.1 

1000 

1520 

Hydroxyaluminium  montmorillonite 

0.01 

658 

408 

-  MCI  complex  (pH  8) 

0.1 

1130 

1490 

When  the  hydrazine-treated  hydroxyaluminium-clay  (pH  8)  was  washed  with  labelled  NaCl  solutions,  722 
lit q  g~ 1  hydrazine  was  desorbed  and  911  ntq  g  “ 1  of  Na+  was  sorbed  (Table  5).  The  corresponding  data  for 
MMH  were  1130  and  1490  /teq  g"  \  respectively.  Comparisons  of  data  in  Tables  4  and  5  indicate  that  not  all 
of  the  hydrazine  and  MMH  was  desorbed,  and  it  is  clear  that  more  Na*  was  sorbed  than  hydrazine  or  MMh 
desorbed.  The  data  for  sorption  and  desorption  by  Al3  +  -montmorillonite,  pH  4,  indicate  that  relatively 
straightforward  ion  exchange  had  taken  place  (Tables  4  and  3). 

An  Fe3  + -montmorillonite  suspension  (pH  2.8)  sorbed  only  198  ntq  g"  1  hydrazine  (pH  4).  This  sorbate  was 
not  removed  by  water,  though  36%  was  with  0. 1M  NaCl.  When  hydrazine  solution,  pH  8  -10,  was  used 
sorption  was  of  the  order  of  the  CEC  of  the  clay  (Table  4),  and  up  to  63%  was  removed  in  0.1  M  NaCl. 

Isotherms  for  sorption  by  hydroxyferric-montmorillonites  were  linear,  and  a  plateau  was  not  reached  for  the 
concentrations  used.  As  was  observed  for  the  hydroxyaluminium  system  more  hydrazine  was  sorbed  at  pH  8 
than  at  pH  10,  and  desorption  occurred  when  the  pH  of  an  adsorbate  -  adsorptive  complex  was  adjusted  from 
pH  8  to  10.  NaCl  (0.1M)  removed  360  **eq  g_l  hydrazine  from  930  iieq  g"1  in  the  adsorbate  -adsorbent 
complex  at  pH  8,  but  none  was  removed  by  similar  treatment  of  a  complex  containing  400  ntq  g  '  1  at  pH  10. 

4.4  Vapour  Phase  Sorption  of  MMH  by  Clays 

Details  of  the  sorption  -  desorption  process  are  given  by  Hayes  et  al  (1984b).  Isotherms  for  sorption  of 
MMH  vapour  by  Na +  -montmorillonite  (Polkville)  were  of  type  II.  but  hysteresis  was  evident  along  the  entire 


sorption  -  desorption  path.  The  'loop-shape'  described  by  the  isotherms  is  characteristic  tor  sorption  and 
desorption  of  polar  vapours  by  montmorillonite,  and  is  attributable  to  the  intercalation  of  organic  molecules 
between  the  layers,  X-ray  diffraction  measurements  gave  an  (001)  spacing  of  1,34  nm  after  desorption  was 
complete,  compared  to  0.97  nm  prior  to  adsorption,  which  indicates  that  some  residual  MMH  was  held  in  the 
flat  conformations  between  the  layers. 

Isotherms  (see  Hayes  et  a/.,  1984b)  for  sorption  by  kaolinite  (Oreal  Pit)  were  type  II,  or  L-type 
characteristic  of  physical  sorption  onto  non-porous  or  macroporous  sorbents  with  the  formation  of  multilayers 
of  sorbate.  The  desorption  Isotherms  showed  that,  although  some  hysteresis  occurred  at  the  high  relative 
pressure  values,  desorption  followed  sorption  closely  over  the  miyor  portion  of  the  isotherm,  and  only  0.01 
mmol  g  ‘ 1  resisted  desorption.  No  irreversible  interaction  was  indicated  by  X-ray  diffraction  data. 

The  isotherm  for  sorption  of  MMH  by  Fe3  *  -kaolinite  was  also  type  II,  but  hysteresis  in  the  desorption  was 
clearly  evident,  and  0.4  mmol  g" 1  was  not  removed  when  the  sorption  process  was  reversed.  The  retained 
sorbate  was  only  0.04  mmol  g  ,  however,  when  the  system  was  subjected  to  evacuation  for  24h. 

Table  6  compares  data  from  the  BBT  analysis  of  isotherms  for  the  sorption  of  MMH  and  water  vapour  by 
the  homoionic-exchanged  clays. 


Table  6  BET  analysis  of  data  obtained  from  studies  of  vapour  phase  sorption  of  MMH  and  water  by 
homionic-exchanged  kaolinite  and  montmorillonite  clays, 


BBT  Analyst* 

MMH 

Mater  Vapour 

Ntt+-K 

BSH1 

Na+-M 

Na+-J 

<  Fe3+-K 

Na+-M 

C-ocnatant 

Specific  surface  (n^g-1) 

506 

33 

434 

36 

245 

6.4 

50 

32 

725 

29 

15 

460.2 

Monolayer  cap.  (nmol  g"*1 ) 
Hast  of  aorpn.  (kJ  mol"1 ) 

0.39 

0.21 

2.5 

0.39 

0.21 

3.1 

-15.4 

-8.6 

-15.1 

-8.9 

-13.4 

-4.6 

Sorbate :  Exchangeable  ion 

4:1 

7:1 

3:1 

4:1 

7:1 

4:1 

It  is  recognised  that  applications  of  BET  and  isosteric  analysis  are  not  strictly  valid  where  the  sorption 
processes  show  irreversibility,  but  the  data  are,  nevertheless,  useful  for  proposes  of  comparison. 

The  specific  surface  area  from  MMH  sorption  by  Na* -montmorillonite  (725  m2  g'f)  is  as  expected.  That 
measured  for  water  vapour  (460  m2  g*1)  suggests  the  inclusion  of  a  monolayer  of  water  between  the  clay 
layers.  Surface  area  of  Na +  -kaolinite  as  measured  from  MMH  sorption  (50  m2  g~l)  was  greater  than  that 
estimated  from  sorption  by  water  vapour  and  for  Fe3  +  -kaolinite. 

A  plot  of  surface  coverage  versus  the  isosteric  heat  of  interaction  (see  Hayes  et  al.,  1984b)  gave  a  linear 
decrease  in  the  heat  of  interaction  as  coverage  by  MMH  increased  in  the  case  of  the  Na  *  -kaolinite  system, 
and  the  initial  binding  was  almost  twice  as  energetic  as  that  which  accompanied  sorption  as  monolayer 
coverage  was  approached. 

4.5  Sorption  of  Hydrazine  by  Humic  Acid  preparations 


H  +  -,  Ca:*-,  and  Al3*  -humic  acid  preparations  were  interacted  with  hydrazine  solutions  of  pH  4  (see 
Isaacson  and  Hayes,  1984). 

At  pH  4  the  hydrated  hydrazine  compounds  were  more  extensively  held  by  H*-  then  by  Ca1  +  -  and 
Al3  +  -exchanged  humic  acid  preparations,  In  all  cases  the  maximum  sorption  measured  was  only  a  fraction  (12 
-  23%)  of  the  CEC  of  the  sorbent.  The  steric  hindrence  to  diffusion  to  binding  sites  inside  the 
macromolecular  structure  (see  Section  2)  provides  one  reason  for  the  relatively  low  extents  of  sorption. 
Although  the  interactions  were  shown  by  microcalorimetry  to  be  isothermic  in  every  instance,  the  energies  of 
sorption  were  different  for  the  three  humic  acid  preparations.  Whereas  the  differential  enthalpy  decreased  as 
more  hydrazine  was  added  to  the  H*-  and  Al 1  *  -exchanged  humic  acids,  that  for  the  Ca2  * -preparation 
increased,  It  is  considered  that  this  increase  resulted  from  the  availability  of  new  sites  (in  the  interior  of  the 
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new  structure)  as  the  Ca2  4  ions  bridging  adjacent  humic  strands  (Section  2)  were  replaced  by  the  hydrazinium 
ions. 

5.  MECHANISMS  OF  SORPTION 

5.1.  Adsorption  at  pH  4 

At  pH  4  the  sorptives  species  will  be  the  hydrazinium  ion  (NjHj  4  or  CHjNHNHj  4 ).  The  strength  of 
binding  of  cations  to  the  cay  surfaces  decreases  in  the  order  Na4  <  Cal+  <  Al,+  <  Fe,  +  .  Thus  sorption 
from  solution  at  pH  4  was  greatest  for  Na4  -clays  because  the  process  involved  simple  exchange  of  Na4  for 
hydrazinium  ions. 

The  polarizing  and  coordination  powers  of  the  cations  decrease  in  the  order  FeJ  +  >  Al1+  >  Ca24  > 
Na4.  An  appropriate  mechanism  of  binding  to  multivalent  cation-exchanged  clays  would  Involve  coordination 
to  the  cation,  or  the  exchange  of  a  hydrazinium  ion  with  a  proton  from  the  ionized  water  coordinated  to  the 
cation.  The  adsorption  of  hydrazine  by  Al3  4  -montmorillonite  at  pH  4  was  of  the  order  of  150  peq  g"  *,  which 
is  less  than  that  for  the  Na4-,  but  greater  than  that  for  the  Ca1  +  -day.  This  Increased  sorption  by  the 
Al34  -system  is  attributed  to  the  polarizing  power  of  the  cation.  Thus  an  exchange  reaction  such  as  that  in 
scheme  (2)  could  take  place  readily. 

AI(H,0)s,+  +  NjHj4  [AKHaOMOHrMHs*)]1*  +  H4  (2) 

In  the  case  of  sorption  by  the  humic  acid  (pH  4),  similar  mechanisms  could  take  part.  The  fact  that  less 
hydrazine  was  sorbed  by  the  Al34-  than  by  the  Ca*4 -humic  acid  can  be  attributed  to  the  fact  that  it  was  more 
difficult  to  remove  by  ion  exchange  the  AlJ  *  ions  which  held  the  humic  strands  together,  and  so  penetration 
of  the  sorptive  to  binding  sites  in  the  interior  of  the  macromolecule  was  inhibited.  Inevitably,  some 
chemisorption  occurred,  such  as  the  formation  of  Schiff  base  structures  between  the  hydrazine  and  carbonyl 
groups  on  the  adsorbent.  Substitution  could  also  take  place  in  carbons  alpha  to  the  keto  structures  of  quinoncs 
(Hayes  and  Swift,  1978;  Isaacson  and  Hayes,  1984). 

5.2.  Sorption  ftrom  Sorptive  Solution,  pH  8 

Sorption  by  Na 4  -montmorillonite  of  hydrazine  from  solution  at  pH  8  was  significantly  less  than  that  at  pH 
4.  At  this  pH  the  concentrations  of  hydrazine  and  hydrazinium  ions  in  solution  were  essentially  the  same. 
Sorption  by  Ca* +  -montmorillonite  was  similar  at  pH  8  and  4.  Cation  exchange  did  not  predominate  for  this 
species,  and  was  less  Important  than  hydrolysis  of  and  coordination  to  the  cation. 

In  the  cases  of  Fe34-  and  Al3  *  -montmorillonites,  ease  of  hydrolysis  of  the  cations  contributed  to  the 
sorption.  Because  of  the  extents  of  dissociation  of  water  coordinated  to  the  polyvalent  cations  more 
hydrazinium  ions  would  form  close  to  the  clay  to  give  rise  to  exchange  with  H*  as  indicated  by  reaction 
scheme  (2).  Sorption  by  the  Fe3  41  and  Al3  4  -clays  was  similar  to  the  CEC  of  the  clays,  and  this  suggests  the 
exchangeable  cations  were  hydrolyzed  to  the  neutral  species.  (The  pH  of  the  Al* 4  -montmorillonite  suspension 
rose  more  rapidly  than  that  of  the  Fej4-clay,  indicating  the  greater  acidity  conferred  by  the  Fe3<f  ion).  This 
mechanism  is  substantiated  by  the  fact  that  metal  ions  were  not  exchanged  for  hydrazine.  The  cations  were 
fixed  to  the  clay  on  hydrolysis,  and  were  not  desorbed  with  0.1M  NaCl  (although  70%  of  the  hydrazine 
sorbate  was  desorbed  and  Na 4  was  sorbed). 

It  is  probable  that  at  pH  8  and  10  reduction  of  Fe3  4  took  place.  The  resultant  oxidation  of  the  hydrazine  led 
to  degradation,  and  hence  to  the  detection  of  less  sorptive  in  solution. 

5.3.  Sorption  by  Hydroxymontmorillonites  and  Hydroxykaolinltes 

The  formation  of  oxyhydroxide  'islands'  on  the  surfaces  of  Fe34-  and  Al34-  exchanged  clays  is  highly 
likely  when  these  clays  were  equilibrated  for  24h  in  dilute  NaOH. 

Extensive  studies  with  the  Al3  4 -system  showed  that  the  cation  was  neutralized  to  the  hydroxyaluminium 
species,  and  this  species  was  non-exchangeable  with  1.0M  NaCl.  The  hydroxyl  groups  in  the  hydroxyaluminium 
complexes  contributed  to  the  negative  charges. 


The  predominant  mechanism  of  binding  of  hydrazine  and  MMH  by  hydroxyuluminium  montmorillonite,  pH 
8,  up  to  the  CEC,  was  cation  exchange  of  hydrazinium  ions  for  Nu*  ions  (from  the  NaOH  used  to  make  the 

hydroxyaluminium  species).  Extensive  investigations  of  the  reaction  mechanisms,  as  described  by  Hayes  et  ul 

(1984a),  using  isotherm  analysis,  microcalorimetry,  measurements  of  displaced  inorganic  cations  from  the  clay, 
X*ray  diffraction,  infrared  spectroscopy,  and  dlfferetial  thermal  analysis  indicated  that  cation  exchange  was  the 
predominant  mechanism  for  the  adsorption  of  hydrazine  and  of  MMH  by  hydroxyaluminlum-montmorillonite, 
pH  8,  up  to  the  CEC  of  the  clay. 

Beyond  the  CEC  the  experimental  data  suggested  that  the  predominating  mechanisms  inoived  included: 

1,  the  interaction  of  the  strongly  basic  hydrazine  with  the  hydroxide  surface  to  give; 

-Al-OH  +  N2H4  AIO-  +  NjHs+  (3) 

2,  the  action  of  van  der  Walls  forces  between  the  sorbate  and  the  clay  surface  and  between  the  sorbate 

molecules  on  the  surface; 

3,  hydrogen  bonding  between  protonated  and  non-protonated  species;  and 

4,  the  involvement  of  hydrazine  or  MMH  as  monodentate,  or  as  bridging  ligands  between  aluminium  sites 
on  the  surface, 

The  fact  that  less  adsorption  took  place  at  pH  10  than  at  pH  8  demonstrates  that  the  hydroxy  complexes  are 
stable  only  within  a  certain  pH  range.  Maximum  adsorption  occurred  when  the  pH  was  such  that  the  formation 
of  neutral  species  at  the  clay  surface  was  maximum,  and  not  when  the  pH  was  such  that  negative  hydroxy 
species  were  generated.  , 
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HYDRAZINE  FATE  AND  TRANSFORMATIONS  IN 
NATURAL  WATERS  AND  SOILS 

J.J.  STREET  AND  A.M.  MOLINER 
SOIL  SCIENCE  DEPARTMENT 
UNIVERSITY  OF  FLORIDA 
GAINESVILLE,  FLORIDA  32611 

INTRODUCTION 

Widespread  use  of  hydrazine  poses  a  potential  environmental  hazard  from 
accidental  spills  and  leakage  of  underground  storage  vessels.  The  inadvertent 
loss  of  hydrazine  to  soils  may  result  in  contamination  of  soils  and/or 
subsurface  waters.  Although  several  papers  have  been  published  on  the  fato  of 
hydrazine  in  the  environment,  the  mechanisms  of  degradation  and  interaction  of 
hydrazine  with  soil  components  may  not  be  fully  understood.  The  disagreements 
found  among  researchers  appear  to  be  due  to  the  interaction  between  hydrazine 
solution  and  the  reaction  vessels  used  in  various  studies.  The  present  work 
deals  with  the  effect  of  several  environmental  factors  on  the  fate  of 
hydrazine.  The  effect  of  certain  laboratory  experimental  conditions  has  also 
been  evaluated, 

MATERIALS  AND  METHODS 

REAGENTS 

Hydrazine  monohydrate  was  purchased  from  Aldrich  Chemical  Co.  (Milwaukee, 
WI).  All  other  chemicals  were  analytical  grade  or  the  highest  grade  available. 

CLAYS 

Montmorlllonlte  (Saz-1)  used  in  these  studies  was  obtained  from  the  Clay 
Minerals  Repository,  Department  of  Geology,  University  of  Missouri. 

NATURAL  WATERS 

Natural  waters  were  collected  in  20  gallons  plastic  carboys  from  the 
Saint  Johns  River  and  Santa  Fa  Lake.  The  lake  samples  were  taken  near  Buddy's 
landing  on  Lake  Santa  Fe  in  Melrose,  Florida.  River  water  samples  were 
collected  under  the  East  Palatka  Bridge  located  on  U.S.  17.  After  arrival  to 
the  laboratory  the  oxygen  concentration  and  total  carbon  content  were 
measured.  Two  liters  of  each  type  of  water  were  autoclaved  and  two  other 
liters  were  filtered  through  a  0.2  urn  membrane  to  sterilize  and  eliminate 


solids  in  suspension.  They  were  scored  in  a  refrigerator  at  10  C  until  ready 
for  use. 

ANALYTICAL  METHODS 

Hydrazine  concentrations  less  than  11  nmol  l'1  were  analyzed  by  the 
paradimsthylamlnobanzaldshyde  (PDBA)  method  (reference  1).  Higher 
concentrations  were  analyzed  by  direct  lodate  titration  using  carbon 
tetrachloride  to  detect  the  end  point  (reference  2). 

Oxygen  was  analyzed  with  a  dissolved  oxygen  microeleotrode 
(Microelectrodes, Inc. ) .  Total  metals  concentration  was  analyzed  with  an  atomic 
adsorption  spectrophotometer  (Perkin  Elmer  460) .  A  specific  ion  electrode  was 
used  to  detect  ammonia  in  the  degradation  studies. 

EXPERIMENTAL  PROCEDURES 

Aqueous  Studies 

Solutions  of  hydrazine  ranging  from  10  to  500  ug  l'1  were  prepared  in  2 
liter  volumetric  flasks.  After  the  desired  chemical  compositions  were 
obtained,  10  ml  aliquots  were  put  into  small  bottles  and  Incubated  in  a 
constant  temperature  water  bath.  Three  bottles  were  opened  for  analysis  at 
various  Intervals  of  time,  The  frequency  of  analysis  depended  on  the  rate  of 
hydrazine  degradation.  Constant  ionic  strength  was  mantained  using  CaCl2>  Low 
pH's  were  obtained  with  HC1.  Neutral  pH's  were  obtained  with  phosphate  buffers 
at  different  ionic  strengths. 

Three  different  types  of  bottles  were  used  In  the  study  to  investigate 
the  effects  of  the  container  material;  glass  scintillation  vials,  glass  serum 
vials  (with  crimped  aluminum  top  with  a  teflon  liner) ,  and  polyethylene 
bottles.  Most  of  the  experiments  were  carried  out  irt  serum  vials  because  we 
assumed  them  to  be  Impermeable  to  oxygen.  New  bottles  were  opened  each  time  an 
analysis  was  needed  and  the  rest  of  the  solution  and/or  suspension  was 
discarded.  However;  in  a  recent  experiment  we  found  that  oxygen  could  diffuse 
very  slowly  into  the  bottles.  Because  of  this  we  incubated  vials  in  an 
anaerobic  Incubator  under  a  nitrogen  atmosphere  whenever  we  wanted  to  minimize 
autoxldatlon. 

One  set  of  experiments  was  carried  out  in  a  1.5  liters  Pyrex  cell  that 
had  a  glass  top  to  which  a  pH  electrode,  an  oxygen  electrode  and  a  redox 
electrode  were  attached.  The  cell  also  had  an  entrance  for  bubbling  gases  and 
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a  syringe  to  withdraw  samples.  The  contents  of  the  cell  were  continuously 
stirred  with  a  Teflon  coated  magnetic  stirring  rod.  Different  Cu  concentration 
solutions  were  equilibrated  with  gases  of  a  known  oxygen  content  (0.275  umol 
1"--  or  less).  Under  ambient  air  conditions  a  trap  was  Installed  between  the 
air  pump  and  the  cell  to  remove  CO2.  We  found  later  that  CO2  had  a  slight 
effect  on  the  pH  solution.  After  the  addition  of  10.3  mmol  1"1  of  hydrazine 
the  electrode  readings  were  monitored  and  samples  were  withdrawn  periodically 
for  analysis. 

Clay  Studies 

Clay  fractions  smaller  than  0,5  urn  were  selected  for  the  degradation 
studies.  This  was  accomplished  by  washing  ths  clay  three  times  with  0.1  N  NaCl 
in  order  to  disperse  the  particles.  Samples  were  washed  with  deionized  water 
until  a  negative  test  for  chlorides.  The  smaller  fractions  were  separated 
using  an  ultraspeed  centrifuge.  To  minimize  dissolution  of  clays  samples  were 
stored  in  0.1  N  NaCl  solution  until  ready  for  use. 

In  the  Cu-clay  studies  1  ml  aliquots  of  different  Cu  stock  solutions  were 
added  to  serum  vials  containing  9  ml  of  a  Na-saturated  clay  suspension.  They 
were  equilibrated  for  three  days  and  Cu  concentrations  in  the  supernatant  was 
measured.  The  technique  used  to  detect  Cu  concentration  was  differential  pulse 
stripping  voltametry  with  NH^-citrate  at  pH  3.0  as  the  supporting 
electrolyte.  Hydrazine  was  added  to  the  vials  and  hydrazine  concentration  in 
the  supernatant  and  in  the  suspension  were  measured  with  time. 

RESULTS  AND  DISCUSSION 
DEGRADATION  OF  HYDRAZINE  IN  WATER 
Natural  Waters 

Waters  obtained  from  Saint  Johns  River  and  Santa  Fe  Lake  differed  widely 
in  chemical  composition,  however  degradation  rate  of  hydrazine  in  those  waters 
was  very  similar  and  higher  than  in  the  control  (Fig.  1).  The  fact  that 
sterilization  had  very  small  effect  on  the  rate  of  hydrazine  disappearance 
indicates  that  the  mechanism  was  mainly  chemical  and  not  microbiological.  This 
is  in  agreement  with  the  findings  by  Ou  and  Street  (reference  3)  that 
concentrations  above  5  mmol  1*^  might  be  toxic  for  microbial  populations. 

Effaot  of  Reaction  Vessels 


The  Interaction  between  hydrazine  solutions  and  the  container  material 
of  the  vessels  has  been  previously  reported  (reference  4) .  In  our  experiment 
serum  vials  had  the  strongest  catalyzing  effect  on  hydrazine  degradation  in 
distilled  water  and  this  effect  was  even  more  pronounced  when  the  vials  had  a 
head  space.  Surface  catalysis  of  this  type  of  bottles  was  also  demonstrated 
when  the  rate  of  hydrazine  degradation  was  found  to  be  higher  in  vials  with 
higher  surface: volume  ratio  and  head  space  volume: solution  volume  ratio. 

On  the  other  hand  when  Cu  was  present,  degradation  of  hydrazine  was 
faster  in  polyethylene  bottles.  Initially  we  attributed  this  to  faster  leakage 
of  oxygen  into  the  bottle  but  this  may  not  be  conclusive  since  recent 
experiments  demonstrate  a  similar  rate  of  oxygen  replenishment  in  both  types 
of  bottles  after  hydrazine  has  disappeared. 


Effect  of  Copper  Concentration 

During  preparation  of  the  Cu- hydrazine  solution  we  observed  the 
appearance  of  a  greenish  precipitate  that  occurred  at  concentrations  as  low  aa 
0.015  mmol  l"1-  of  Cu  and  0.2  mmol  l'*  of  hydrazine.  Under  these  conditions  no 
Cu2+  was  detected  in  the  solution.  For  this  reason  we  assumed  that  a  complex 
had  been  formed  between  Cu*1-  and  hydrazine.  The  precipitate  turned  a  brown 
color  when  hydrazine  concentrations  were  increased  to  10.3  mmol  1*1  and  was 
very  stable  under  anaerobic  conditions.  The  fact  that  the  precipitate 
decomposes  in  the  presence  of  air,  prevented  the  isolation  and  evaluation  of 
the  complex.  Tho  counter  anion  associated  with  the  Cu  had  no  effect  on  the 
appearance  of  the  complex. 


The  studies  with  Cu  were  conducted  at  different  temperatures.  The  initial 
rate  of  hydrazine  degradation  was  strongly  affected  by  Cu  concentration. 
However  after  the  oxygen  from  the  solution  and  the  head  space  had  disappeared 
the  slope  of  the  curves  was  constant  and  independent  of  Cu  concentration 
(Fig. 2).  The  same  pattern  was  evident  at  25,  30  end  45  C.  In  every  case  NH3 
was  monitored  during  the  course  of  the  reaction.  We  did  not  detect  ammonia  in 
the  control,  but  it  was  present  at  all  temperatures  when  Cu  was  catalyzing  the 
reaction.  The  ratio  of  ammonia  produced  to  hydrazine  degraded  ranged  between 
1:9  and  1:12.  An  interesting  observation  was  made  for  the  higher  temperatures. 
Ammonia  concentration  was  linearly  correlated  with  hydrazine  disappearance  at 
25“  C,  but  not  at  30”  and  45"  C.  This  suggested  that  hydrazine  degradation  was 
going  through  an  Intermediate  reaction  and  the  rate  of  formation  of  the 
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TION  (mmd/l) 


Intermediate  was  faster  than  the  rate  of  decomposition. 

lha  experiments  carried  out  in  a  1.5  1  Pyrex  cell  suggested  that  solution 
pH  greatly  affected  the  rate  of  hydrazine  degradation  (Fig. 3).  The  highest 
rate  of  degradation  was  at  a  pH  close  to  10.  Oxygen  in  the  range  of 
concentrations  found  in  the  environment  did  not  have  an  appreciable  effect  on 
the  rate  of  degradation.  However  levels  of  oxygen  below  0.1  mmol  l'1  greatly 
reduced  autoxidation  and  it  was  stopped  in  the  absence  of  oxygen. 


DEGRADATION  OF  HYDRAZINE  IN  REACTION  CELL 


htvn 

Fig.  3.  Hydrazine  degradation  studies  at  constant  oxygen 
concentration. 
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EFFECT  OF  pH  ON  HYDRAZINE  DEGRADATION 


SERUM  ms,  45  'C 


DEGRADATION  OF  HYDRAZINE  AT  pH  7 


EFFECT  OF  BUFFER  IONIC  STRENGTH 


Figs.  4  and  S.  Degradation  of  hydrazine  at  45°C:  Effect  of  pH  and 
buffer  ionic  strength. 


Effect  of  pH 

In  preliminary  studies  conducted  In  a  wide  range  of  pH's  we  found  the 
highest  rate  of  hydrazine  degradation  to  be  at  pH  7  (Fig. 4).  This  contradicted 
what  soma  authors  have  reported  previously  (reference  5).  For  this  reason  we 
set  up  a  study  maintaining  a  pH  of  7.0  but  reducing  the  ionic  strength  of  the 
buffering  system.  We  found  that  hydrazine  degradation  rate  was  approximately 
first  order  with  respect  to  buffer  concentration  (Fig  5) .  In  the  presence  of  1 
ug  1"1  of  Cu  autoxidatlon  rate  greatly  increased  above  pH  9.7  and  was  almost 
Negligible  below  pH  4. 

a 

CLAY  STUDIES 

The  objective  of  this  part  of  the  study  was  to  evaluate  the  extent  of 
autoxidatlon  due  to  Cu  In  the  supernatant  or  in  the  vicinity  of  the  clay 
surface.  The  results  are  presented  In  Figure  6.  The  amount  of  Cu  reported  In 
the  graph  represents  the  total  amount  of  Cu  in  the  suspension.  In  every  case 
the  amount  of  Cu  remaining  In  the  supernatant  was  between  14«  and  20*  of  that 
originally  added.  When  Cu  was  present  the  effect  of  clay  on  hydrazine 
degradation  was  less  than  that  for  Cu  alone.  Thus  It  appears  that  the  clay-Cu 
complex  Is  less  effective  in  degrading  hydrazine  than  Cu  alone.  This  may  be 
due  to  reduced  activity  of  Cu  In  the  presence  of  clay. 
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VIBRATIONAL  SPECTROSCOPIC  STUDY  OF  THE  KAOLINITE  -  HYDRAZINE 
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ABSTRACT 

In-situ  vibrational  spectroscopic  methods  have  been  used  to  study  the  interaction  of  hydrazine 
with  the  kaolinite  mineral  surface.  Non-invasive  Raman  and  FT-IR  spectra  were  obtained  for  the 
kaolinite-hydrazine  (KH)  intercalation  complex  at  low  temperatures  and  at  reduced  pressure  values. 
Stong  vibrational  perturbations  of  the  guest  intercalate,  hydrazine,  and  of  the  day  mineral  kaolinite 
were  observed.  Upon  expansion  of  the  kaolinite  structure  by  hydrazine,  a  significant  reduction  in  the 
intensities  of  the  inner-surface  hydroxyl  groups  was  observed  which  indicated  that  strong  hydrogen 
bonds  were  formed  between  the  Intercalated  hydrazine  species  and  the  kaolinite  interlamellar 
surface.  In  addition,  several  Raman-  and  IR-active  vibrational  modes  of  hydrazine  were  influenced 
by  the  kaolinite  surface. 

INTRODUCTION 

The  attenuation  of  hydrazine  and  its  methyl  derivatives  by  soil  and  aquifer  constituents  is  of 
interest  to  the  United  States  Air  Force  because  of  their  use  in  severs]  Air  Force  weapon  systems  and 
their  adverse  biological  activity  to  man.  Although  the  macroscopic  adsorption  behavior  of 
hydrazine  by  clay  minerals  has  been  studied1,  little  is  known  about  the  chemical  mechanism(s)  of 
interaction.  Adsorption  data  are  macroscopic  data  and,  therefore,  are  intrinsically  insensitive  to 
molecular  phenomena;  adsorption  data  cannot  be  interpreted  to  obtain  unequivocal,  molecular-level 
information  about  the  adsorbed  species*.  The  objective  of  this  paper  will  be  to  examine  the 
molecular-level  interactions  of  hydrazine  with  kaolinite  using  several  non-invasive,  in-situ 
spectroscopic  methods. 


The  vibrational  spectrum  of  kaolinite,  a  ubiquitous  1:1  clay  mineral  that  is  found  throughout 
the  world,  has  been  studied  more  intensively  than  that  of  any  other  clay  mineral^.  This  spectroscopic 
interest  in  kaolinite  is,  in  part,  a  result  of  its  well-resolved  hydroxyl  stretching  bands.  In  contrast  to 
the  broad  vibrational  linewidths  of  hydrous  metal  oxides  and  2:1  clay  minerals  that  typically  have 
bandwidths  of  greater  than  50  cm'1,  the  measured  full-width-at-half-maximum  (FVVHM)  values  for 
the  hydroxyl  stretching  bands  of  kaolinite  range4  between  5  and  12  cm'1.  These  comparatively  sharp 
vibrational  bands  of  kaolinite  provide  surface-sensitive  probes  of  changes  in  the  chemical 
environment  surrounding  these  hydroxyl  groups. 

A  more  complete  vibrational  analysis  of  adsorbate-surface  complexes  can  be  obtained  when 
perturbed  vibrational  modes  of  the  adsorbate  and  of  the  surface  are  observed.  This  study  will  employ 
the  surface  hydroxyl  groups  of  kaolinite  as  molecular  probes  of  the  interaction  between  kaolinite  and 
hydrazine  upon  formation  of  the  intercalation  complex.  Changes  in  the  frequency,  intensity,  and 
lineshape  cf  the  vibrtational  modes  of  the  adsorbed  species  can  provide  direct  information  about  the 
structure  of  the  adsorbed  species  and  what  chemical  functional  groupfs)  of  the  adsorbate  are  involved 
in  bonding  to  the  surface.  However,  these  data  do  not  provide  unambiguous  information  about  the 
orientation  of  the  adsorbed  species,  or  about  which  surface  functional  groups  are  involved  in  bonding  to 
the  adsorbate.  This  information  can  best  be  obtained  by  observing  the  perturbed  vibrational  modes  of 
the  substrate.  The  well-resolved  IR-  and  Raman-active  bands  of  kaolinite  should  allow  perturbed 
vibrational  modes  of  the  substrate  to  be  resolved. 

EXPERIMENTAL 

The  sample  studied  was  the  KGa-1  kaolinite  from  Washington  county  Georgia,  obtained  from 
the  Source  Clays  Repository  of  The  Gay  Minerals  Society.  A  complete  description  of  the  physical 
properties  of  this  clay  sample  has  been  given  by  van  Olphen  and  Fripiat®.  In  addition,  Raman  and  IR 
spectra  of  this  clay  have  been  reported  by  Johnston  et.  al.4A  A  dilute  aqueous  suspension  of  the 
kaolinite  sample  was  prepared  by  suspending  0.1  grams  of  oven-dry  kaolinite  in  100  ml.  of  distilled- 
deionized  water.  The  clay  suspension  was  dispersed  by  adjusting  the  pH  of  the  suspension  to  9.2  by  the 
addition  of  small  aliquots  of  0.01  M  NaOH.  All  of  the  FT-IR  spectra  reported  here  correspond  to 
transmission  FT-IR  spectra  of  kaolinite  samples  deposited  upon  a  25mm  x  2mm  ZnSe  window. 

FT-IR  spectra  were  obtained  on  a  Bomem  DA3.10  Fourier  transform  spectrometer.  The  DA3.10 
spectrometer  Incorporates  a  Michelson  interferometer  with  the  beamsplitter  positioned  at  a  30  degree 
angle  to  the  optical  axis.  A  MCT  detector  was  used  in  this  investigation  with  a  measured  D*  value  of 
3.13  x  10^  cmHzO-S  and  a  cutoff  wavenumber  of  400  cm*1  (25  microns).  The  nominal  resolution  used  in 
these  studies  ranged  between  2.0  and  0.5  wavenumbers.  A  comparison  of  the  several  spectra  obtained 


for  different  nominal  resolution  values  showed  that,  for  the  samples  being  studied  here,  the  spectra 
were  not  instrument  limited  for  nominal  resolution  values  of  05  and  1.0  wavenumbers;  the  2.0 
wavenumber  spectrum  was,  however,  instrument  limited. 

Low  temperature  FT-ER  spectra  were  obtained  on  the  Bo  mem  DA3.10  spectrometer  using  an  air 
cooled  Air  Products  CS-202  cryogenic  refrigeration  system.  A  25mm  x  2  mm  ZnSe  window  was  mounted 
in  the  Air  Products  DMX-1  sample  holder  using  indium  gaskets  and  the  vacuum  shroud  was  fitted  with 
2  49mm  x  4  mm  ZnSe  windows.  The  temperature  of  the  sample  holder  was  measured  using  a 
Chromel/Gold  0.07  Atomic  %  Iron  thermocouple. 

Raman  spectra  were  collected  on  a  Spex  1403  3/4  m  double  monochromator  interfaced  to  a 
Nicolet  1180E  computer.  The  483  run  line  of  an  argon  ion  laser  (Spectra  Physics  171)  was  used  at  an 
incident  power  output  of  100  mW  measured  at  the  sample.  The  spectral  slit  width  ranged  from  2  cm'1 
to  1  cm’1.  X-Ray  diffraction  patterns  were  obtained  using  a  Nicolet  computer  controlled  X-Ray 
diffraction  system  with  a  stepping  motor  accuracy  of  0.0025®  26.  Samples  were  scanned  at  2°  29/min. 
using  CuK  aradiation. 

RESULT? 

Expansion  of  the  kaolinite  lattice  upon  intercalation  by  hydrazine  is  shown  by  a  plot  of  the 
X-ray  diffraction  dooi  reflections  of  kaolinite  and  of  the  KH  complex  versus  time.  (Figure  1).  As 
hydrazine  was  adsorbed  by  kaolinite,  the  Intensify  of  the  non-lntercalated  dooi  reflection  at  12.36  * 
26  (0.716  nm  spacing)  decreased,  and  a  corresponding  Increase  in  intensify  was  observed  for  the  "new" 
KH  dooi  reflection  at  8.60  *  26  (1.03  nm  spacing).  Assuming  that  the  ratio  of  the  KH  reflection 
against  the  kaolinite  dooi  reflection  is  directly  proportional  to  the  fraction  of  kaolinite  intercalated, 
these  data  (Figure  1)  indicated  that  after  two  hours  of  exposure  to  hydrazine  more  than  90  percent  of 
the  kaolinite  was  intercalated  by  hydrazine.  The  sharp  decrease  in  intensify  with  time  of  the  non- 
lntercalated  dooi  reflection  (Figure  1) ,  however,  may  indicate  that  the  intercalation  process  reached 
completion  after  only  30  minutes.  X-ray  diffraction  (XRD)  patterns  showing  the  dooi  reflections  of 
kaolinite  and  of  kaolinite-hydrazine  (KH)  intercalates  are  presented  in  Figure  2.  Upon  expansion  of 
the  kaolinite  lattice  by  hydrazine,  the  interlamellar  spacing  increased  from  0.716  nm  to  1.030  nm,  an 
increase  of  0.314  nm.  This  increase  indicated  that  one  molecular  layer  of  hydrazine  was  adsorbed 
between  each  structural  1:1  layer  of  the  clay  lattice.  By  comparison  to  the  other  dooi  reflections,  the 
well-defined,  relatively  sharp  8.60  *  26  reflection  in  the  XRD  pattern  of  the  KH  complex  obtained  at 
1  atmosphere  of  pressure  (labeled  "K:H  air"  in  Figure  2),  indicated  that  the  KH  complex  was  fairly 
well  ordered  under  these  conditions  and  that  very  little  non-intercalated  kaolinite  remained  after 
intercalation. 


Figure  1.  Intensity  of  the  XRD  dCOOl]  reflections  versus  time  of  ktolinite  (0.716 
run)  end  of  the  kaolinite-hydrazine  complex  (1.039). 

These  XRD  results  are  in  good  agreement  with  those  of  Ledoux  and  White7  who  reported  a  dooi 
•pacing  of  1.040  run  for  the  KH  complex  at  23*  C  and  1  atm.  Space  filled  drawings  of  the  expanded 
kaolinite  crystal  structure  (dooi -1.030  nm)  and  of  hydrazine  (Figure  3)  illustrate  the 


Figure  2 


X-ray  diffraction  patterns  of  non-intcrcalated  kaolinite  (bottom) ,  KH 
complex  at  760  torr ,  KH  complex  under  vacuum  (A.iii). 
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approximate  amount  of  space  available  (or  the  intercalate  in  the  interlamellar  region  and  the 
corresponding  dimensions  of  the  hydra2ine  molecule. 


Figure  3.  [010]  projection  of  the  expanded  kaolintte  structure  after  expansion  of 

lattice  by  hydrazine  to  a  1.03  nm  dOOl  spacing.  A  hydrazine  molecule 
drawn  to  the  same  scale  using  van  der  Weals  radii  is  shown  on  the  right. 

Raman  spectra  in  the  3600  to  3725  cm’1  region  of  kaolinite  (top),  and  of  a  KH  complex  at  760 
torr  (bottom),  are  shown  on  the  left  side  of  Figure  4.  The  3620  cm'1  band  was  not  perturbed  upon 
intercalation  under  these  conditions.  In  contrast,  the  intensities  of  the  hydroxyl  stretching  bands  at 
3652, 3668,  and  3694  cm*1  bands  were  strongly  reduced  upon  formation  of  the  KH  complex.  A  similar 
result  was  observed  in  the  FT-IR  spectra  (right  side  of  Figure  4):  the  3652, 3669,  and  3692  cm'1  oands  of 
kaolinite  (Figure  4a)  were  reduced  in  intensity  upon  intercalation  (Figure  4b-c),  and  the  3620  cm’1 
band  was  not  affected.  These  results  are  in  agreement  with  a  previous  IR  study  of  the  KH  complex7, 
The  molecular  structure  of  kaolinite  projected  along  the  [010]  face  (looking  along  the  y  axis 
with  the  z-axis  pointing  up)  is  shown  in  Figure  5.  The  space  filled  drawing  shown  on  the  right  was 
constructed  using  van  der  Waals  radii  for  Si,  Al,  O,  and  H&.  The  ball  and  stick  drawing  shown  on  the 
left  illustrates  the  two  distinct  types  of  hydroxyl  groups  that  reside  within  the  crystal  structure  of 
kaolinite:  the  inner  hydroxyl  "sandwiched"  between  the  the  Al-octahedral  and  Si-tetrahedral 
layers  of  the  clay  lattice,  and  the  inner-surface  hydroxyl  groups  located  on  the  basal  plane  of  the  Al» 


Figure  4.  [left  aide]  Raman  spectra  in  the  3600  to  3725  cm**  region  of  KH  complex  at  760 
torr  (bottom),  and  of  a  dry  non-intercalated  Meaa  Alta  kaolinlte  aample  (top). 
(Right  aide]  FT-IR  absorbance  apectra  in  the  2800  to  4000  cm**  region  of 
kaolinlte  (a),  KH  complex  at  760  torr  (b),  and  of  the  KH  complex  under  a 
vacuum  of  0.0001  torr  (c). 

octahedral  layer.  Numeroua  infrared  atudiea  of  kaolinlte3^*1  are  in  agreement  that  the  3620  cm‘* 
band  ia  aasigned  to  the  inner  hydroxyl  group  (Figure  5),  and  that  thie  hydroxyl  group  hae  a 


Figure  5.  (010]  projection  of  the  cryatal  structure  of  kaolinlte  showing  the  inner 

hydroxyl  and  inner-surface  hydroxyl  groups  of  kaolinlte. 
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considerably  greater  resistance  to  isotopic  exchange  with  deuterium  and  to  dehydroxylation  at 
elevated  temperatures  in  comparison  to  the  labile  inner-surface  hydroxyl  bands  at  3652, 3669,  and 
3690-5  cm''1, 

FT-ER  spectra  of  the  KH  complex  in  the  3550  to  3750  cm'1  region  are  shown  In  Figure  7  at  1  atm 
of  pressure  and  at  several  reduced  pressure  values.  As  the  KH  complex  Is  exposed  to  a  reduced 
pressure,  a  new,  higher-frequency  band  appeared  «tt  3628  cm'1  and  increased  in  intensity  at  the 
expense  of  the  3620  cm'1  band.  Insofar  as  these  authors  are  aware,  a  similar  shift  in  frequency  of  the 
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Figure  6  FT-IR  absorbance  spectra  of  the  KH  complex  at  pressure  values  of  0.00001  torr, 
0.01  torr,  1 .0  torr,  and  760  torr. 

inner-hydroxyl  stretching  band  induced  by  a  guest  intercalate  has  not  been  reported  previously  in  the 
literature .  There  is  little  doubt  regarding  the  assignment  of  the  3628  cm*1  band  to  the  inner-hydroxyl 
group  because  of  the  strong  intensity  borrowing  between  the  two  bands.  The  presence  of  two  discrete 
inner-hydroxyl  stretching  bands  suggests  strongly  that  a  different  structural  conformation  of  the 
intercalation  complex  was  induced  upon  decreasing  the  pressure.  A  similar  result  was  not  observed  in 
the  Raman  spectra  of  the  KH  complex  because  the  sample  was  studied  at  1  atm  of  pressure. 
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To  confirm  this  hypothesis ,  XRD  patterns  of  the  evacuated  complex  were  obtained  at  reduced 
pressure  values  (Figure  7).  The  dooi  reflection  of  the  KH  intercalation  complex  was  observed  to 


Figure  7.  X-ray  diffraction  patterns  showing  the  dfOOl]  reflection  of  the  kaollnite- 
hydrazine  complex  at  76 0  torr.  1  torr,  0.001  torr,  und  0.00001  torr. 

increase  from  its  value  of  8.60  *  20  at  1  atm  to  9.2  *  29,  which  corresponded  to  a  decrease  in  the 

lnterlamollar  spacing  from  1.030  run  (760  torr)  to  0.960  nm  (0.00001  torr).  Thus,  the  interlamellar 

spacing  of  the  intercalation  complex  decreased  by  0.07  nm  upon  evacuation,  which  decreased  the 

available  space  for  the  guest  species  from  C  314  nm  to  .244  nm.  This  observed  decrease  in  the 

interlamellar  spacing  of  the  KH  complex  provided  conclusive  evidence  that  a  structural  change  of  the 

KH  complex  did  occur  upon  evacuation.  This  change  was  also  reflected  by  the  novel  blue-sliift  of  the 

Inner-hydroxyl  stretching  band  from  3620  to  3628  cm‘*  which  indicated  that  the  -NH2  moiety  of  the 

guest  hydrazine  species  was  brought  into  close  contact  with  the  inner-hydroxyl  group  aftur 

evacuation. 

As  the  [010]  ball  and  stick  projection  of  kaolinite  illustrate*  (Figure  5),  the  inner-hydroxyl 
group  resides  between  the  silica  tetrahedral  and  aluminum  octahedral  layers  and  is  not  accessible  by 
most  interlamellar  spedes.  The  fact  ‘hat  hydrazine  perturbed  the  stretching  frequency  of  the  inner 
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hydroxyl  group  suggested  that  the  -NH2  moiety  keyed  into  the  kaolinite  surface  resulting  in  a  slight 
electrostatic  repulsion  between  the  -NH2  and  -OH  groups  responsible  for  the  8  cm"l  blue  shift. 
Considering  the  molecular  structure  of  kaolinite,  the  inner-hydroxyl  group  can  only  be  approached  by 
a  guest  molecule  small  enough  to  penetrate  through  the  siloxane  ditrigonal  cavity.  A  space-filled 
[001]  projection  of  the  kaolinite  structure  showing  the  siloxane  ditrigonal  cavity  and  the  molecular 
structure  of  hydrazine  drawn  to  the  same  scale  (Figure  8)  illustrates  qualitatively  that  the  -NH2 
moiety  is  small  enough  to  "fit"  into  the  cavity. 


Figure  8  [001]  projection  of  the  kaolinite  siloxane  ditrigonal  cavity.  A  hydrazine 

molecule  drawn  to  scale  using  van  der  Waals  radii  is  shown  on  the  right. 

CONCLUSION 

In  conclusion,  the  Raman  and  FT-IR  spectra  of  the  KH  complex  in  the  hydroxyl  stretching 
region  are  in  agreement  in  that  both  methods  show  a  strong  reduction  in  intensity  of  the  inner-surface 
hydroxyl  groups  upon  intercalation  resulting  from  the  formation  of  hydrogen  bonds  between  the  inner- 
surface  hydroxyl  groups  of  kaolinite  and  the  lnterlamellar  hydrazine  species.  XRD  patterns  of  the 
KH  complex  indicated  that  the  lnterlamellar  region  Increased  in  size  by  0314  nm  at  1  atm  of  pressure 
to  accomodate  the  guest  intercalate.  As  the  pressure  was  reduced,  however,  this  value  decreased  to 
0.244  nm  and  the  FT-IR  spectra  of  the  reduced  pressure  KH  complexes  showed  clearly  the  presence  of  a 
new,  higher  frequency  inner-hydroxyl  stretching  band  at  3628  cm'V  These  results  indicated  that  a 
structural  change  of  the  KH  complex  occurred  at  a  reduced  pressure,  and  that  the  -NH2  moiety  of 
hydrazine  was  brought  into  close  contact  with  the  iruner-hydroxyl  group  through  the  siloxane 
ditrigonal  cavity.  In  addition,  it  was  shown  that  the  Raman-  and  IR-active  hydroxyl  stretching 
modes  of  kaolinite  were  sensitive  probes  of  the  interaction  between  hydrazine  molecules  and  the 
kaolinite  surface. 
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ABSTRACT 

The  surface-catalyzed  air  oxidation  reactions  of  hydrazine, 
monomethylhydrazine,  unsymmetrical  dimethylhydrazine,  symmetrical 
dimethylhydrazine,  triaethylhydrazine  and  tetramethylhydrazine 
were  investigated  in  a  metal-powder  packed  tubular  flow  reactor 
at  55  ±  3  *C.  Hydrazine  was  completely  reacted  on  all  surfaces 
studied.  The  major  products  of  monomethylhydrazine  (MMH) 
oxidation  were  methanol,  methane  and  methyldiazene.  The  di-, 
tri-  and  tetra-methyl  hydrazines  ware  essentially  unreactive 
under  these  conditions. 

The  relative  catalytic  reactivities  toward  MMH  are: 

Fe  >  A1203  >  Ti  >  Zn  >  316  SS  >  Cr  >  Ni  >  A1  >  304L  SS 

A  kinetic  scheme  and  mechanise,  involving  adsorption, 
oxidative  dehydrogenation  and  reductive  elimination  reactions  on 
a  metal  oxide  surface  are  proposed. 

INTRODUCTION 

Air  oxidation  reactions  have  been  considered  as  a  major 
factor  in  the  environmental  fate  of  hydrazines.  Previous  studies 
in  environmental  chambers  (References  1,  2)  have  provided 


convincing  evidence  that  these  reactions  are  strongly  surface 
dependent.  A  convenient  and  rapid  method  for  physicochemical, 
kinetic  and  product  studies  of  heterogeneous  catalytic  reactions 
using  a  TFE  tubular  reactor  in  a  gas  chromatograph  has  been 
developed  and  applied  to  the  study  of  the  surface-catalyzed  air 
oxidation  of  hydrazine  and  its  methylated  derivatives. 

EXPERIMENTAL 


MATERIALS 

The  metal  and  metal  oxide  powders  were  obtained 
commercially.  BET  surface  area  determinations  were  performed  by 
Micromerit ice  Instrument  Corp.,  Norcross,  GA. 

Hydrazine  (HZ)  and  monomethylhydrazine  (MMH)  were  propellant 
grades  (Olin)  analyzed  according  to  MIL-P-26536-C  and  MIL-P- 
2740413,  respectively.  Unsymmetrical  dimethylhydrazine  (UDMH) , 
(Aldrich) ,  and  tetramethylhydrazine  (TTMH) ,  (Pluka) ,  were  reagent 
grade  materials  and  used  as  received.  Methylamine  (Airco) , 
dimethylamine  (Matheson) ,  and  trimethylamine  (Matheson)  were  used 
as  supplied.  1,2 -Dimethylhydrazine  (SDMH)  was  prepared  from 
dimethylhydrazine  dihydrochloride  (Aldrich)  by  distillation  from 
saturated  potassium  hydroxide.  The  crude  SDMH  was  dried  over 
barium  oxide  overnight  and  then  fractionally  distilled  from  fresh 
barium  oxide  (bp  76.5  *C,  660  torr) .  Trimethylhydrazine  (TMH) 

(bp  53  *C,  660  torr)  was  prepared  using  the  procedure  of  Class, 
Aston,  and  Oakwood  (Reference  3).  All  other  materials  were 
reagent  grade  used  as  supplied. 

Tubular  reactors  were  constructed  from  12.7  cm  sections  of 
0.63  cm  o.d.  TFE  tubing  with  an  i.d.  of  0.25  cm.  The  reactor 
tubes  were  capped  with  Zitex  (Chemplast,  Inc.)  90-X  TFE  filter 
membranes  wedged  into  TFE  compression  fittings  to  prevent  the 
loss  of  powdered  material.  The  outlet  of  the  reactor  tubes  was 
connected  by  TFE  tubing  to  the  flame  ionization  detector  of  a  HP 
7620A  gas  chromatograph.  The  injector  port  of  the  GC  was  TFE 
lined. 
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PROCEDURE 

A  tubular  reactor,  £ Iliad  with  1  to  3.5  grams  of  powdsrsd 
mstal  or  oxids,  was  mountsd  in  ths  GC  ovsn  and  allowad  to 
stabiliza  in  a  flow  of  air  or  nitrogsn  carrier  gas  (10  -  12 
ml/min)  at  55  ±  3  *c  for  30  minutes.  A  series  of  constant  volume 
injections,  usually  0.2S  microliters,  was  made  until  the  area  and 
shape  of  the  eluted  paa)c(s)  were  constant.  The  eluents  from  the 
reactor  tube  were  trapped  in  an  1R  gas  cell  and  the  contents 
analyzed  by  FTIR.  Because  of  small  flame  response,  eluted 
hydrazine  was  trapped  on  acid-coated  firebrick  and  analyzed  by 
coulometric  titration.  In  control  experiments,  recoveries  of  103 
percent  and  93  percent  for  MMH  and  UDMH,  respectively,  were 
attained. 

RESULTS 

Hydrazine  reacted  quantitatively  with  air  on  316  SS,  304L 
SS,  Fe,  Al,  AI2O3,  Zn,  Cr,  Ni,  Ti,  sand,  concrete,  and  powdered 
cinder  block.  Blank  experiments  using  unpacked  reactor  tubes 
showed  an  89  percent  recovery  of  unreacted  hydrazine.  When 
''nitrogen  was  used  as  the  carrier  gas,  hydrazine  eluted 
quantitatively  from  powdered  TFE  and  iron  but  was  completely 
consumed  by  Fe203t 

The  reaction  products  of  MMH  with  air  and  metal  and  oxide 
surfaces  are  methane,  aethyldiazene  (MD) ,  methanol,  and  in  some 
cases,  traces  of  ammonia.  The  product  distributions  are  shown  in 
Table  1.  MMH  is  unreactive  in  nitrogen. 

A  typical  Injection  sequence  for  MMH  on  316  SS  in  air  is 
shown  in  Figure  1.  The  first  injection  shows  several  broad  small 
peaks  consisting  of  MMH  and  reaction  products.  The  second 
injeation  of  MMH  results  in  greater  amounts  of  eluents  at  shorter 
retention  times.  Typically,  the  third  and  subsequent  injections 
showed  constant  peak  shapes  and  retention  times.  Presumably  at 
this  time,  the  surface  is  in  adsorption  equilibrium  with  MMH  and 
its  reaction  products.  Methane  is  first  to  elute,  followed  by 
methy ldiazene ,  MMH,  and  methanol. 


TABLE  1. 

TUBULAR 

REACTOR  PRODUCTS: 

IN  AIR  AT 

55  ±  3  *C 

Catalyst 

Products  (k) 

Recovered 

Carbon  (%) 

CH3OH 

MD 

ch4 

nh3 

MMH 

315  SS 

2.6 

21.3 

0.9 

- 

50.5 

75.3 

304L  SS 

7.8 

16.5 

0.6 

3.4 

39.5 

67.5 

Fe 

8.5 

16.5 

17.0 

1.1 

9.6 

53.0 

FS2<)3 

18.9 

- 

29.0 

- 

- 

48.1 

A1 

5.7 

21.3 

- 

2.1 

19.1 

48.0 

AI2O3 

18.1 

14.9 

29.0 

2.6 

10.6 

75.2 

Zn 

1.1 

16.5 

- 

- 

69.0 

86.6 

cr 

2.1 

19.7 

8.2 

- 

60.4 

90.4 

Ni 

7.4 

15.4 

14.9 

- 

7.4 

45.1 

Ti 

4.0 

24.2 

9.6 

- 

38.8 

76.6 

cu2o 

3.2 

17.5 

18.6 

- 

41.0 

80.3 

iRjKtlM  II 


Figure  1.  FID  Response  curves  for  Thraa  Sequential 

In j actions  of  MMH  on  316  SS  Powder  in  a  Tubular 
Reactor:  Air  10  ml/min,  55  ±  3  *C 
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The  di-,  tri-,  and  tetra-methyl  substituted  hydrazines  are 
much  less  reactive  than  hydrazine  or  MMH.  SDMH  showed  only  a 
slight  reactivity  on  the  most  reactive  surface,  Fe2o3.  The 
product  was  tentatively  identified  as  dimethy ldiazene .  Trace 
amounts  of  oxidation  products  from  UDMH  and  TMH  were  not 
identified.  The  fully  substituted  TTMH  and  the  methylamines  are 
unreactive  on  all  surfaces. 

DISCUSSION 

The  reactivities  in  air  range  from  hydrazine  which  is 
completely  reacted  by  contact  with  all  the  surfaces  studied  to 
the  essentially  unreactive  tetramethylhydrazine.  surface- 
promoted  thermal  decomposition  reactions  are  apparently  not 
involved  at  the  temperature  of  this  study  sinoe  blank  rune  in 
nitrogen  showed  no  evidence  of  reaction  in  empty  tubes  or  on  TFE 
powders.  However,  iron  (III)  oxide,  which  can  provide  ite  own 
oxidizing  equivalents,  completely  consumed  hydrazine  reactant, 
even  in  nitrogen. 

The  following  reactions  occur: 

N2H4  ♦  02  SUrf<C> '  »  N2  +  2  H20  (1) 


N2H4  +  2F*20j  - ►  N2  +  2H20  +  4F*0 

The  balanced  equation  for  MMH  air  oxidation  can  be  shown  as: 

CH3NHNH2  +  [2  ♦  2  +  *]  °2  SUrf<<>>  »  x  CH3N-NH  +  g  CH4  +  1  CH3OH 

(1-x) N2  +  H20 


(2) 


(3) 


Wh*r* :  x  +  g  +  t  -  1 

The  stoichiometry  above  does  not  account  for  the  traces  of 
ammonia  detected  in  a  few  reactions. 

Scheme  1  shows  a  general  kinetic  system  for  the  surface- 
catalyzed  air  oxidation  of  MMH. 


SCHEME  1 


MMH  +  M-0 

K*e 

MMH  •  0-M 

(4) 

MMH  •  0-M 

“1 

■> 

HN  —  NCH  j  ♦  H20  +  M 

(5) 

!■!!'.;  NCHj  +  M-0 

k2 

-> 

CHjOH  +  N2  +  M 

(6) 

HN  —  NCH  j  +  M-0 

kS 

- 

CH4  +  N2  +  M-0 

(7) 

M  + Jo2 

k4 

-* 

MO 

(8) 

k,  [MMH -0-M] «  kt  KfotMMH][M-0]  (9) 

k;K,c[MMH]-kobf[MMH]  (10) 

Tha  metal  aurfaca  ia  raprasantad  by  M  and  M-0  rapraaanta  a 
catalytically  activa  aurfaca-oxida  aita.  Surfaca  ra-oxidation  aa 
ahown  in  Eq.  8  ia  aaaumad  to  ba  faat  in  a  flowing  air  oarriar 
gaa.  Ka0  ia  tha  iaoatario  adaorption  aquilibrium  conatant 
(Rafaranca  4)  which  daaoribaa  tha  adaorption  atap.  Tha  ovarall 
aurfaca  raactivity,  rapraaantad  by  hi* ,  can  than  ba  oaloulatad  aa 
k0ba/[MB,°]  whara  [M-0]  ia  tha  catalyat  aurfaca  araa.  Thia 
aaaumaa  that  tha  antira  aurfaca  araa  ia  an  oxida  coating.  Tha 
microacopic  rata  conatant  k2  ia  than  k^'/Kgo*  Kac  valuaa  for 

mathylamina  wara  datarminad  gaa  chronatographioaliy  (Rafaranca  5) 
and  hava  bean  uaad  aa  aatimataa  of  tha  MMH  valuaa,  Tabla  2.  Tha 
ovarall  raactivity  ordar  (kj')  of  tha  catalyata  for  tha  air- 
oxidation  of  MMH  ia: 

Fa  >  A1203  >  Ti  >  Zn  >  316  SS  >  Cr  >  Ni  >  A1  >  304L  SS 
Tha  raactivity  in  tha  dahydroganation  atap  (k]J  ia: 

Fa  >  Ti  >  A1203  >  Zn  >  Cr  >  Ni  >  316  SS  >  A1  >  304L  SS 
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■  w  »«»i»  a-  aj  MMtg 


ia  i  b*<  a  wat 


TABLE  2.  SURFACE  REACTIVITIES®  FOR  MMH  OXIDATION,  55  ±  3  *C 


Surface 

*obs 

(■•o-1) 

K,ob 

(ml/m2) 

*'l 

(sec“1m“2) 

*1 

(sec"^) 

316  SS 

6. 80E-02 

4.0 

2.8E-01 

7.0E-02 

304L  SS 

1. 53E-02 

9.6 

2.7E-02 

2.9E-03 

Fe 

2.93E+00 

0.18 

5.5 

3.1E+01 

Al 

4.55E-02 

5.2 

7 . IE-02 

1.4E-02 

AI2O3 

6.31E-01 

1.5 

1.9 

1.3 

Zn 

1.14E-01 

1.4 

4.8E-01 

3.4E-01 

Cr 

1.16E-01 

1.0 

2 . 0E-01 

2.0E-01 

Ni 

1. 88E-01 

0.72 

8.9E-02 

1.2E-01 

Ti 

1 . 1534*00 

0.06 

7.4E-01 

12.3 

®  Normalized  data  from  Table  1 
b  Kao  for  methyl  amine 


Scheme  2  providea  a  eat  of  structural  intermediates  which 
depict  the  adsorption,  initial  oxidative  dehydrogenation  of  MMH 
and  water  formation  by  reductive  elimination  from  a  surface 
hydroxy-hydride  intermediate.  Scheme  3  utilizes  a  similar 
sequence  involving  the  oxidative  dealkylation  of  methyldiazane. 
Product  selectivity  is  provided  by  a  partitioning  of  the 
alkoxy-hydride  between  a  reductive  elimination  to  methanol  or  a 
1,2 -elimination  to  methane. 

Product  selectivity,  as  measured  by  the  methanol/ (methanol  + 
methane)  ratio  should  then  reflect  surface  oxide  stability.  The 
selectivity  ratio  for  methanol  formation  increases: 

zn  >  Ti,  Cr  >  Al,  Fa,  Ni  >  316SS  >  A1203,  304L  SS 
while  the  M-o  stability  decreases: 

Ti  >  Zn  >  Ni  >  and  Al  >  Cr  >  Fe 
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12* 


1 


Although  Schamas  2  and  3  ara  rapraaantational ,  thay  provida 
a  oartain  aoonomy  of  atructura  yat  allow  aoma  raaotlvity  and 
aalaotivity  pradictiona . 

SCHEME  2 


SCHEME  3 


* 


CONCLUSIONS 

Phyaicoohamioal,  kinatic  and  product  information  naoaaaary 
to  davalop  inaighta  into  tha  anvironaantal  fataa  of  hydrazinaa  ia 
aaaily  obtainad  by  a  tubular  raaotor/gaa  chromatographic 
taohniqua.  Thaaa  atudiaa  hava  provan  to  ba  uaaful  in  tha 
alucidation  of  tha  machaniama  of  tha  hataroganaoua  air  oxidation 
raactiona  of  hydrazinaa.  Machaniatic  atudiaa  auch  aa  thaaa  may 
allow  tha  pradiotion  of  catalytic  propartiaa  of  matala  and  thair 
oxidaa. 
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A  MATRIX-ISOLATION  FT-IR  STUDY  OF  HYDRAZINE 

T.  Tipton,  Research  Associate 
University  of  Florida 
Oainosville,  Florida  32611 
W.  fl.  Parson,  K.  Kubulat,  M.  Vala,  D.  A.  Stone 

ABSTRACT 

FT-IR  spectre  (4000-420  cm”*)  have  been  obtained  for  hydraaine  in  argon 
and  nitrogen  aatriees  over  a  concentration  range  of  1:200  to  1:5000,  and  a 
temperature  range  of  14  K  to  30  K.  This  investigation,  in  conjunction  with 
a  concurrent  ab  initio  calculation,  has  eliminated  much  of  the  uncertainty 
in  the  previous  matrix  and  vapor-phase  vibrational  assignments  for  hydra- 
sine. 


INTRODUCTION 

The  present  study  of  hydraaine  was  undertaken  as  part  of  an 
investigation  of  the  interaction  of  toxic  chemicals  with  environmentally 
significant  surfaces.  The  study  of  these  substanoes  in  the  relatively 
unperturbed  environment  of  matrices  should  assist  similar  investigations 
that  are  being  performed  on  clays  (1).  The  ultimate  goal  is  to  understand 
the  mechanisms  by  which  haaardous  chemicals,  coordinatad  with  metal  ions, 
interact  with  soil  surfaces.  The  current  matrix  isolation  study  expands 
upon  the  single  previous  matrix  study  (2)  and  revises  some  of  the  earlier 
vibrational  assignments. 

A  sunnary  of  previous  vibrational  data  for  hydraaine  has  been  given  by 
Durig  et  al  (3).  Since  there  is  still  some  uncertainty  in  the  matrix  and 
vapor-phase  assignments  (2-4),  a  new  ab  initio  calculation  was  carried  out 
concurrently  with  the  present  matrix  isolation  experiments.  This 
calculation  proved  useful  in  assigning  the  matrix  spectra. 

EXPERIMENTAL 

The  hydraaine  sample  was  obtained  from  Aldrich  at  981  purity.  It  was 
then  transferred  under  argon  to  a  distillation  apparatus,  refluxed  over 
reagent  grade  NaOH  for  4  hours,  and  distilled.  The  fraction  collected  at 
387  X  comprised  the  purified  sample.  Tho  nitrogen  and  argon  samples  were 
research  grade  (Air  Products).  Before  use,  they  were  passed  through  a  1.2-m 
coil  of  1/8-in  stainless  steel  tubing  immersed  in  a  178  X  acetone  beth. 
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The  deposit  window  was  usually  a  25-  x  2-mm  Irtran  2  disk  although 
sons  runs  ware  mads  using  a  25-  x  2-mm  Csl  disk  so  that  the  700  cm”*  to  420 
cm’**’  region  could  b«  investigated.  This  window  was  cooled  by  means  of  a 
closed-cycle  refrigerator  (Air  Products  Displax  model  CSA-202).  KBr  windows 
were  used  on  the  evacuated  shroud  surrounding  the  cold  heed.  All  deposits 
were  made  at  the  minimum  attainable  temperature  of  13  K. 

The  deposit  rate  was  in  the  range  of  4  to  8  nmol /hr  for  both  argon  and 
nitrogen.  The  rata  was  controlled  by  a  metering  valve  (Granvi  11  e-Phil  lips 
series  203)  which  was  periodically  adjusted  to  maintain  a  steady  flow  while 
the  pressure  in  the  gas  mixing  bulb  dropped.  The  deposit  material  was 
flowed  continuously  for  about  2.5  hours.  For  the  nitrogen  runs,  e  second 
2.5-hour  deposit  was  made  on  the  opposite  side  of  the  window.  These  large 
deposits  ware  necessitated  by  the  low  intensities  of  the  HH  stretching 
bends.  The  asmunt  of  material  that  was  used  in  a  deposit  was  determined  by 
the  scattering  properties  of  the  matrix.  Under  the  conditions  described 
above,  the  scattering  was  negligible  for  the  first  2.5  hr  of  the  deposit  but 
increased  rapidly  thereafter. 

Spectra  were  taken  with  a  Nieolet  6000C  FT-Ik  spectrometer  upgraded  to 
model  1608X  capabilities  (hardware  and  software).  All  runs  reported  here 
ware  made  at  0.5  cm**  resolution  since  higher  resolutions  did  not  reveal  any 
additional  structure  in  the  observed  bands.  A  liquid-nitrogan-coolad 
HgCdTe-B  (5000-400  cm"*)  detector  was  used. 

Both  the  argon  and  nitrogen  spectra  were  run  at  five  different 
hydrasina  concentrations]  1:200,  1:500,  1:1000,  1:2000,  and  1:5000. 
Concentrations  lass  than  1:5000  were  not  used  becauee  of  poor  signal/noise 
and  because  of  the  tendency  of  hydraaine  to  be  adsorbed  on  the  walls  of  the 
deposit  tube.  The  concentration  dependence  of  the  observed  hydrasina  bauds, 
in  combination  with  annealing  studies,  enabled  monomer  peaks  to  be 
distinguished  from  aggregate  peaks. 

RXSULTS 

Hydrasina  has  seven  bending  and  five  stretching  modes  in  accordance 
with  its  Cj  point  group  syomatry  (3).  All  of  these  except  the  torsion  mode, 
v7 ,  are  expected  to  lie  in  the  4000-420  cm”*  region  investigated  in  the 
present  FT-IR  study. 

Tables  1  and  2  show  the  frequencies  and  infrared  intensities  of  the 
fundamental  modes  of  N2H4  obtained  from  vapor-phase  (4),  ab  initio,  and 
matrix-isolation  studies.  The  ab  initio  frequencies  ware  obtained  by 


TABLE  1. 


FREQUENCIES  (WAVENUMBERS)  OF  HYDRAZINE  FUNDAMENTALS 


Vibrational 

Moda 

Ab  initio 

Argon 

Matrix 

Nitrogan 

Matrix 

Vapor 

7  toraion 

423 

mmmm 

377 

6  a -wag 

837 

810 

834 

780 

12  a-wag 

930 

933 

983 

950 

3  NN  atr. 

1082 

1086 

1091 

1098 

11  HNH  twiat 

1233 

1262 

1267 

1273 

4  HNH  twiat 

1284 

1299 

1314 

.... 

10  aeiaaor 

1617 

aawa 

1395 

1608 

3  aeiaaor 

1632 

imomi 

1395 

1493 

9  HNH  a-atr. 

3294 

3313 

3301 

3297 

2  HNH  a-atr. 

3302 

.... 

aaaaaaaa 

.... 

1  HNH  a-atr. 

3393 

3390 

3387 

3323 

8  HNH  a-atr. 

3400 

3398 

3396 

3330 

*Ra£aranea  4. 


TABLE  2.  RELATIVE  INTENSITIES  (KM/MOL)  OF  HYDRAZINE  FUNDAMENTALS. 


Vibrational 

Moda 

Ab  initio 

Argon* 

Matrix 

Nitrogen* 

Matrix 

Vapor** ^ 

7 

toraion 

30.66 

mmm 

6 

a~wag 

98.34 

86 

71 

74 

12 

a -wag 

190.46 

206 

203 

142 

3 

NN  atr. 

3.48 

39 

38 

27 

11 

HNH  twiat 

7.73 

8 

3 

10 

4 

HNH  twiat 

5.83 

3 

3 

... 

10 

aeiaaor 

14.31 

... 

17 

37 

3 

aeiaaor 

13.70 

... 

... 

9 

HNH  a-atr. 

13.01 

4 

6 

30 

2 

HNH  a-atr. 

0.50 

... 

... 

1 

HNH  a-atr. 

0.01 

2 

3 

— 

8 

HNH  a-atr. 

1.84 

3 

3 

33 

*  Thaaa  data  ara  aealad  in  accordanca  with  tha  ab  initio  calculation. 

**  Rafaranca  4.  Thaaa  data  ara  baaad  on  band  maxima. 


scaling  the  results  of  a  6-31G  baais  sat  calculation  (seals  factor  “ 
0.886).  Vibrational  assignments  for  ths  matrix-isolation  spectra  wars 
obtained  from  comparisons  of  data  in  these  tables. 

The  purpose  of  running  both  argon  and  nitrogen  matrices  was  to 
determine  whether  hydrasine  has  any  tendency  to  rotate  in  a  matrix 
environment.  Nitrogen  has  been  found  to  be  less  conducive  to  rotation  of 
trapped  species  than  argon  (5).  Mater,  for  example,  has  rotational 
structure  in  argon  but  not  in  nitrogen  (6).  No  evidence  of  rotational 
structure  was  found  in  the  present  hydraaina  spectra.  For  the  most  part, 
the  N2H^/Ar  vibrational  bands  had  approximately  the  same  number  of 
components  and  the  same  relative  intensities  as  the  corresponding  N2H4/N2 
bands. 

A.  BENDING  AND  NH-STRBTCHXNG  M0DE8 

All  of  the  observed  modes,  except  those  consisting  of  NH  stretching, 
lie  in  the  1900-700  cm"*  region  shown  in  Figure  1.  Most  of  the  monomer 
bands  in  this  figure  can  be  assigned  readily  by  comparing  the  matrix  data 
with  vapor-phase  (4)  and  ab  initio  data  (Tables  1  and  2).  The  vapor-phase 
spectrum  shown  in  Figure  1  was  reexamined  in  order  to  check  the  assertion  of 
Catalano  at  al  (2)  that  the  previously  observed  bands  (4)  in  the  6.3  micron 
region  are  artifaots.  The  present  vapor  spectrum  is  essentially  the  same  as 
that  given  in  Reference  4  and  does  not  show  any  features  resulting  from 
hydrasine  reacting  with  the  KBr  cell  windows.  Thus  the  band  assigned  to  y,0 
(1608  cm"*)  in  the  vapor-phase  spectrum  appears  to  be  legitimate.  The 
assignment  of  t»,  (1493  am"*),  howsvsr,  is  much  more  doubtful  in  light  of  the 
new  matrix  and  ab  initio  data  (Tables  1  and  2). 

The  present  assignments  of  v,  and  v]0  to  a  single  band  at  1393  cm"*  in 
N2H4/N2  ere  based  primarily  on  the  theoretical  prediction  (Tables  1  and  2) 
that  these  bands  should  be  closely  spaced  and  nearly  equal  in  intensity. 
Additional  support  for  these  assignments  was  obtained  from  a  preliminary  run 
on  N2D4/N2  which  appeared  to  show  two  scissor-bending  frequencies  of  roughly 
equal  intensities  separated  by  only  2  cm"*.  The  1593  cm"*  band  of  N2H4/N2 
was  not  reported  in  the  previous  matrix  study  (2).  Evidently,  it  was 
obscured  by  the  strong  H2O/N2  *“Pur*ty  band  at  1597  cm"*,  and  was  subtracted 
out  of  the  spectrum  along  with  tho  water  band.  The  surprising  absence  of 
both  v,  and  v)0  from  the  present  and  previous  (2)  argon  matrix  spactra 
remains  unexplained. 

B.  NH-8TRETCH1NG  MODES 
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Figure  1.  Bending  and  NN-Stretching  Absorptions  of  Hydrazine. 
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Figure  2.  NH-Stretching  Absorptions  of  Hydrazine. 


Spectra  of  the  NH-atrecching  region  ere  shown  in  Figure  2,  end  Che 
corresponding  mode  essignnents  ere  given  in  Table  1.  Although  there  ere 
four  NH-itretching  nodes  in  hydr seine,  only  three  nonoeier  matrix  bends  were 
observed.  A  fourth  bend,  which  occurs  neer  3330  cm"  in  both  ergon  and 
nitrogen  matrices,  is  due  to  hydrasine  dimer. 

The  assignments  of  the  monomer  bands  in  Figure  2  were  deduced  primarily 
by  comparison  of  matrix-isolation  and  ab  initio  frequency  date  (Table  1). 
The  close  resemblance  of  these  two  sets  of  data  ere  sufficient  to  establish 
the  assignment  of  v9  for  both  matrix  spectre  in  Figure  2.  The  broad 
shoulder  that  accompanies  the  v9  band  ol  N2H^/Ar  is  due  to  an  aggregate. 

The  assignment  of  to  ose  of  the  two  matrix  bands  near  3400  cm”1  is 
«lso  straightforward  but  it  is  rot  claar  whathar  the  other  band  is  v,  ,  or  a 
different  site  of  ua .  Preference  has  been  given  to  the  assignment  on  the 
basis  of  the  ab  initio  fraquency  and  the  reported  appearance  of  v,  in  the 
vapor  phase  (4).  However,  the  intensity  of  this  band  is  much  greater  in 
relation  to  va  than  expected.  A  comparison  of  the  present  NH-stretching  data 
to  thu  previously  reported  data  (2)  for  matrix-isolated  hydrasine  indicates 
that  the  latter  were  obtained  at  an  excessively  high  hydrasine  concentra¬ 
tion.  The  N2H4/N2  bands  which  are  found  at  3396  cm"1  and  3387  cm-1  in 
Figure  2  were  previously  blended.  Also,  the  dimer  band  at  3353  cm'*1  was 
previously  reported  to  be  </a . 
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ABSTRACT 

Coaplaxaa  of  hydracina  and  aaaonla  with  tha  nautral  transition  matals,  Cu 
and  Fa,  hava  baan  foraad  and  invaatlgatad  spectroscopically  in  solid  argon 
aatrleas  at  12  K.  Fourier  transfora  infrarad  spectra  of  tha  coaplaxaa  hava 
revealed  large  shifts  for  tha  natal  •  ammonia  coaplaxaa  and  substantially 
snallar  shifts  for  tha  natal  •  hydras ina  complexes.  Recant  «b  initio 
calculations  have  ascribed  tha  bonding  in  Cu  •  NHj  to  an  electrostatic 
interaction  between  tha  NHg  dipole  monant  and  tha  induced  affective  dipole  of 
tha  natal  atom.  All  tha  present  observations  nay  be  understood  on  tha  basis 
of  this  bonding  picture. 

INTRODUCTION 

It  is  wall  known  that  hydraslna  coaplaxaa  strongly  with  tha  ions  of  tha 
transition  natals  (Rafaranca  1).  Tha  interaction  of  nautral  transition  natal 
atons  with  hydrazine  is  however  virtually  unknown.  In  this  report  we  present 
tha  results  of  our  investigation  on  tha  Fourier  transform  infrared  spectra 
(FTIR)  of  conplaxes  of  hydrazine  with  nautral  copper  and  iron  atons  Isolated 
In  argon  aatrleas  at  12  K.  For  tha  sake  of  comparison  parallel  studies  on  tha 
conplaxes  of  aaaonla  with  coppar  and  iron  atoms  are  also  prasantad. 

In  brief,  the  major  findings  of  this  study  are:  1)  the  Cu  »  NHj 
complexes  exhibit  large  frequency  shifts  in  tha  V2  NH  banding  region;  tha 

Fa  •  NHj  shift  is  largar  than  tha  Cu  •  NHj  shift;  2)  tha  Cu  •  N2H4  and 

Fa  *  N2H^  complexes  show  practically  identical  shifts;  these  shifts  are 

considerably  smaller  than  tha  corresponding  ones  in  the  ammonia  *  natal 
complexes.  The  present  observations  are  consistent  with  the  recent 

constrained-spaca-orbltal-variation  (CSOV)  computations  of  Bauschlichar 
(Reference  2)  on  tha  Cu  •  NHj  complex  (amongst  others).  Tha  bonding  in  this 
coaplax  is  ascribed  to  a  favorable  electrostatic  interaction  between  the  NH3 
dipole  moment  and  an  affective  metal  atom  dipole  moment. 
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EXPERIMENTAL 


The  matrix  deposition  apparatus  has  baen  dascrlbad  previously  (Reference 
3)  •  Copper  and  Iron  aatala  (Spax  Industriaa)  were  vaporized  from  a  tantalum 
Knudsan  cell  reslstivaly  heated  In  the  range  1200-1450°C  for  Cu  and  In  tha 
range  1500-1700°C  for  iron.  The  cell  temperature  was  monitored  by  an  optical 
pyromatar  (Leads  and  Northup).  Tha  hydrasina/argon  and  ammonia/argon  gas 
mixtures  wars  prepared  in  a  vacuum  line  and  stored  in  7.0i  pyrex  bulbs.  A 
variety  of  different  ratios  of  complaxlng  gas  to  argon  were  tried:  the  beat 
results  were  obtained  with  a  ratio  of  200:1  of  Ar:NH3  or  AnNjH^.  The  ammonia 
(Matheson,  99.99X)  and  argon  (Mathason,  99.999X)  wara  used  as  received,  where¬ 
as  tha  hydrazine  (Aldrich)  was  subjected  to  vacuum  distillation  before  mix¬ 
ing.  However,  even  after  distillation,  the  liquid  hydrazine  was  found  to  con¬ 
tain  trace  amounts  of  water.  This  amount  waa  reduced  significantly  by  tha 
following  procedure.  Since  tha  vapor  pressure  of  hydrazine  is  much  lower  than 
the  vapor  pressure  of  water  at  room  temperature,  tha  vapor  in  tha  7.0i  bulb 
above  several  milliliters  of  distilled  hydrazine  liquid  was  simply  evacu¬ 
ated.  After  allowing  sufficient  time  for  equilibration  with  the  liquid,  the 
pump-out  procedure  was  repeated  several  times,  each  time  reducing  the  amount 
of  water  remaining  in  the  liquid.  NHj  and  Ar  ware  run  through  several  freeze 
(to  77K) -pump- thaw  degassing  cycles  before  preparation  of  tha  gao  mixtures. 
Deposition  rates  of  1  mmol/h  were  used  for  4  to  10  h  periods.  Just  prior  to 
deposition  the  gases  (NH3,  Ar)  were  passed  through  a  coll  of  stainless  steal 
tubing  cooled  in  a  dry-lca/acetona  slush  bath. 

Infrared  absorption  spectra  ware  obtained  on  a  Nlcolat  7199  FTIR  spec¬ 
trometer  using  2  cm-1  resolution  (cooled  HgCdTe  detector).  The  absolute  band 
positions  are  expected  to  have  an  accuracy  of  batter  than  1  cm"1-. 

RESULTS 


METAL  •  AMMONIA  COMPLEXES 

Ammonia  isolated  in  rare  gas  matrices  la  known  to  undergo  nearly  free  ro¬ 
tation  about  its  throe-fold  axis.  The  generally  accepted  (Rafaranca  4)  as¬ 
signments  for  the  rotational  and  lnveislonal  structure  on  tha  vibrational 
bands  of  matrix-isolated  NH3  are  given  in  Fig.  1.  In  addition,  NH3  dimer  and 
H2O  •  NH3  complex  bands  are  also  indicated.  Upon  deposition  of  NH3  with  Cu 
several  new  bands  can  be  seen  to  grow  in  to  higher  energies  (uf.  Fig.  1).  The 
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most  prominent  of  these  (1117  cm-1)  is  assigned  to  the  perturbed  v2  bending 
mode  in  the  ltl  Cu  •  NH3  complex.  This  assignment  follows  from  similar  obser¬ 
vations  end  conclusions  by  Stlzer  end  Andrews  (SA)  (Reference  5)  on  matrix- 
isolated  NH3  complexed  with  the  alkali  metals.  The  preeent  results  are  com¬ 
pared  with  those  of  SA  in  Table  1.  Shifts  of  bands  in  the  NH  stretching  re¬ 
gion  upon  complex  formation  have  also  bean  observed,  but  will  not  be  discussed 
here. 

The  Va  •  NHj  complex  exhibits  similar  behavior  to  Cu  •  NH3  but  the  magni¬ 
tudes  of  the  shifts  of  its  v2  end  v3  bands  are  greater  (cf.  Table  1).  Inter¬ 
estingly,  these  shifts  (for  both  the  Cu  and  Fa  complexes)  are  in  opposite  di¬ 
rections.  Upon  complexetion  the  and  V3  bands  shift  to  lower  energies, 
while  the  v2  bands  shift  to  higher  energies.  Similar  behavior  has  been  ob¬ 
served  previously  in  complexes  involving  hydrogen  bonding  (Reference  6). 

METAL  •  HYDRAZINE  COMPLEXES 

In  Table  2  and  Fig.  2  we  present  the  results  of  our  metal  atom  •  hydra- 
sine  complex  formation  experiments.  In  Fig.  2b  is  shown  the  spectrum  of  N2H^ 
in  an  Ar  matrix  in  the  800-1300  cm-1  region.  The  assignment  of  the  various 
N2H4  bands  (cf.  Table  2)  are  due  to  Tipton,  Stone,  Person  and  Kubulat  (Refer¬ 
ence  7).  Also  in  Fig.  2  are  shown  the  spectre  obtained  upon  codaposltlon  of 

with  Fa  atoms  (Fig.  2d)  and  upon  codaposltlon  of  N2H^  with  Cu  atoms  (Fig. 
2c).  Several  new  bands  can  be  discerned  at  838  cm*’1,  and  1038  cm"1  (Fig.  2d 
(Fa))  end  at  843  cm-1  and  1033  cm-1  (Fig.  2c  (Cu)).  These  bands  are  eseigned 
as  perturbed  NNH  bending  vibrations.  To  accentuate  the  difference  between  the 
Cu  *  N2H^  complex  and  the  free  N2H^  spectre,  we  have  spectrally  subtracted 
Fig.  2b  from  2c.  The  result  is  shown  in  Fig.  2a.  The  new  Cu  •  N2H^  complex 
bends  (marked  with  *)  stand  out  clearly.  The  N2H^  dimer  band  at  1007  cia"1  is 
more  Intense  in  Fig.  2c  compered  to  Fig.  2b,  end  thus  appears  as  a  positive 
peak  in  Fig.  2a.  Its  growth  is  presumably  due  to  the  increased  diffusion  of 
hydraslna  in  the  matrix  under  the  deposition  conditions  used  for  vaporising 
the  metals  (l.«.  radiative  heating  of  the  matrix  from  the  hot  Knudson  cells). 

It  is  noteworthy  that  the  differences  betwean  the  band  positions  of  the 
Cu  •  N2H^  and  7e  •  N2H4  complexes  are  relatively  small.  This  is  particularly 
evident  when  the  analogous  shifts  in  the  matal  *  ammonia  complexes  are  com¬ 
pared  (cf.  Table  1).  In  these  complexes  the  shifts  are  much  larger  and  the 
differences  between  the  Cu  and  Fe  complexes  greater.  These  observations  are 
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TABLE  1.  COMPARISON  OF  INFRARED  ABSORPTION  PEAK  POSITIONS  AND  SHIFTS  OF 
AMMONIA  AND  HYDRAZINE  AND  THEIR  METAL  COMPLEXES. 


NH  Stretch* 


NH  Bend* 


NH  Stretch* 


Spedee 


Cu  •  NH, 


Fe  •  NH, 


Li  .  NH3b 


Ne  •  NH3b 


K  .  NR3b 


Ce  .  NH, 


— 

3447 

— 

143 

3392? 

-55 

136 

3381 

-66 

139 

3379 

-68 

103 

— 

— 

90 

— 

75 

— 

— 

*  All  entriee  ere  In  cnT*. 
b  Reference  3. 


TABLE  2. 

INFRARED  ABSORPTION 

BANDS  AND 

ASSIGNMENTS  OF  ARGON  MATRIX- ISOLATED 

HYDRAZINE 

AND  ITS  COMPLEXES  WITH  COPPER 

AND  IRON  ATOMS  IN  THE  800-1300 

cm-* 

REGION. 

n2h4 

cu  •  n2h4 

»••  N2H4 

Assignments , 

Ref. 

(cm-1) 

(cm'1) 

(cm-1) 

Remark.* 

804 

804 

804 

v6t6NH2,«NNH 

7 

811 

811 

811 

934 

838 

V(N2H4  .  Fs) 

843 

v(N2H4  •  Cu) 

954 

954 

954 

V^2*  4NNH, JNH2 

7 

974 

974 

S74 

ammonia 

4 

988 

994 

988 

994 

988 

994 

•  »2°) 

9 

1007 

1007 

1007 

^(dimsr) 

aggregate 

9 

1029 

1029 

1029 

1035 

1038 

v(N2H4  •  Cu) 
v(N2H4  .  Fs) 

1086 

1086 

1086 

Vjt  vNN 

7 

1261 

1261 

1261 

Vj.  ^  J 5NNH 

7 

1266 

1266 

1266 

1293 

1293 

1293 

v4>  6NNH 

7 

1299 

1299 

1299 

WAVENUMBERS 

Figure  2.  Infrarad  Spactra  of  Argon  Matrix-Xaolatad  (b)  N2H4,  (c)  Codaposi- 
tion  Mixture  of  N2H4  and  Cu,  (d)  N2H4  and  Fa,  and  (a)  subtraction 
of  (b)  from  (c). 


crucial  Co  Cha  conclusion*  drawn  in  the  next  aaction  about  the  bonding  macha- 
nisma  in  tha  ammonia  jjb.  tho  hydraaina  complexes. 

DISCUSSION 

Pravloua  matrix  Isolation  atudlaa  (Rafarancca  8,  9)  of  NH3  cooplaxad  with 
strong  acida  such  as  HP  and  vaak  ona«  Ilka  H2O  hava  damonatratad  substantial 
shifts  of  tha  v2  banding  vibration  <81  cm*1  for  NH3  •  H20  and  120  cm"1  for 
NH3  •  HP).  Comparing  thasa  valuat  and  tha  NH3  •  alkali  natal  complax  raaulta 
with  tha  prasanc  raaulta  (cf.  Tabla  1)  it  is  clear  that  Cu  •  NH3  and  Fa  *  N83 
are  strong  complaxas.  Tha  complaxaa  with  hydraaina  ara  conaidarably  waakar* 

As  wo  shall  aao,  thasa  raaulta  ara  conalatant  with  tha  rocont  calcula¬ 
tions  of  Bausehliehar  (Refaranca  2)  on  Cu  *  NH3  and  oehar  complaxaa  (including 
Ni  •  NH3).  Sine*  the  Cu  ground  state  electronic  configuration  la  3d^4s^  and 
tha  NH3  ligand  contains  a  Iona  pair  of  alaetrons  on  N,  ona  axpacta  in  a  imp  la 
tarma  that  lntaractlon  botwaen  thasa  moletlas  should  lead  to  rapulslon  and 
hanca  no  complax  formation.  Bausehliehar  shows  howaver  that  tha  lntaractlon 
is  much  mora  complicated.  Tha  anticipated  repulsion  is  raducad  bacausa  tho 
metal  polarlaaa  tha  4s  orbital  (promotes  alactron  density  into  tha  4p  orbital) 
such  that  it  now  has  an  affective  dipole  moment.  Thera  la  than  a  favorable 
electrostatic  lntaractlon  batwean  tha  metal  dipole  and  tha  NH3  dipole  moment; 
this  interaction  is  in  fact  larger  than  axpactad  since  tha  charge  clouds  of 
tho  two  overlap.  Bacausa  of  tha  lntarpanatration  of  tha  NH3  dipoles'  negative 
and  (tha  dipole  moment  of  tha  froa  NH3  is  0.81  (N~H*]>  into  tha  metals'  charge 
cloud,  tha  attraction  of  tha  natal  nur'eus  for  tha  negative  and  of  tha  dipole 
is  enhanced.  There  is  also  a  small  a  donation  from  tha  NH3  to  tha  matal. 
Thasa  affects  ara  of  tha  sama  magnitude  for  all  metal  *  NH3  systems. 

Vor  systems  containing  3d  holes,  an  additional  factor  arises.  Fa  has  a 
ground  state  configuration  of  3d®4s*  with  an  excited  state  (0.88  aV  above)  of 
3d^4s^  configuration.  Bausehliehar  remarks  that  tha  latter  state  may  be  sta¬ 
bilised  by  strong  interactions  with  one  or  more  neighbors.  For  such  a  system, 
tha  4s  end  3dff  orbitals  can  mix.  Because  of  the  fewer  number  of  alaetrons 
along  tha  lntarnuclaar  axis  in  these  hybrid  orbitals  the  shielding  of  tha  met¬ 
al  nucleus  from  tha  NH3  Iona  pair  is  reduced  and  tha  bonding  in  the  Fe  *  NH3 
complax  is  axpactad  to  be  stronger.  Thus  a  larger  shift  in  the  v2  NH  banding 
frequency  is  axpactad  compered  to  Cu  •  NH3*  This  is  what  is  observed  (cf. 
Tabla  1). 
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The  shifts  observed  for  the  hydrasina  •  matal  complexes  can  also  be 
understood  In  tha  above  tarns.  Wa  assume  that  tha  ligand  complexes  to  Cu 
or  Ft  In  a  monodsntata  fashion  via  the  lone  pair  on  one  and  of  NjH^.  By 

analogy  to  tha  bonding  with  NHj  It  Is  axpactad  that  tha  dipole  moment  f»r  tha 
ligand  ^MCN^)  (so  written  to  emphasise  Its  similarity  to  NHj)  will  be  con¬ 
siderably  less.  This  will  result  In  a  dlmlnlahsd  polarisation  of  the  metal  4s 
orbital  and  a  less  favorable  electrostatic  Interaction  between  the  metal 
affective  dipole  and  the  N2H4  dipole.  Thus  a  smaller  shift  Is  expected  for 
the  N2H^  •  metal  complexes.  This  la  as  observed.  Indeed,  the  fact  that  both 
Cu  •  N2H4  and  Fa  •  N2R4  complexes  exhibit  practically  the  same  shift  Is  avi- 
dsncs  that  the  interpenetration  and  shielding  effects  which  play  a  role  in  tha 
stronger  ammonia  complaxas  are  virtually  absent  In  the  present  ones. 
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ABSTRACT 

Diffuse  rsflsotanas  spectroscopy  of  fuel  hydrazines  adsorbed 
on  silica,  silica-alumina  and  alumina  surfaces  indicates  that  the 
primary  surface-hydrazine  interaction  is  hydrogen  bonding. 
Hydrazine,  on  adsorption  to  a  deutsrated  silica  surface, 
undergoes  a  rapid  H/D  exchange  with  deutsrated  surface  silanol 
(Si-OD)  groups.  Adsorption  equilibria  are  rapidly  established  at 
room  temperature.  Monomethylhydrazine  and  unsymmetrical 
dimethylhydrazine  are  similarly  adsorbed.  On  adsorption,  the  C-H 
stretching  and  methyl  deformation  modes  of  the  methylhydrazines 
are  shifted  to  higher  frequencies  by  10  -  20  cm**1.  These  shifts 
are  postulated  to  be  due  to  changes  in  the  lone-pair  electron- 
density  on  the  adjacent  nitrogen  atom  and  an  electronegativity 
effect. 

INTRODUCTION 

Critical  to  the  study  of  the  environmental  fate  of  fuel 
hydrazines  is  the  determination  of  mechanisms  for  their  air- 
oxidation  reactions 4  Environmental  chamber  (References  1-3) 
and  flow  reactor  (References  4,  5)  studies  have  dearly  indicated 


that  air-oxidation  of  hydrazines  is  primarily  a  surfaco-catalyzed 
reaction  in  which  the  first  step  is  surface  adsorption.  Diffuse 
reflectance  infrared  Fourier  transform  (DRIFT)  spectroscopy  is  a 
powerful  technique  for  the  study  of  surfaces  and  adsorbed 
species.  We  have  applied  DRlPT  spectroscopic  methods  to  common 
environmental  surfaces  such  as  silica  and  alumina  with  adsorbed 
hydrazines  in  ordsr  to  determine  the  mode  of  surface  interaction 
and  the  effects  that  adsorption  has  on  the  structure  of  the 
adsorbate* 

EXPERIMENTAL 

APPARATUS 

Diffuse  reflectance  studies  wsre  performed  in  a  Harrick 
high-vacuum  chamber  diffuse  reflectance  apparatus  (HVC-DRA) 
mountsd  in  a  Mattson  Sirius  100  FTIR  spectrometer.  The  HVC-DRA 
was  fittsd  with  KBr  windows,  thermocouple  sensor,  and  heaters, 
and  was  capable  of  operating  up  to  300  *c  and  under  vacuum. 
Normally,  32  or  64  intarfarograms  were  co-added  and  transformed 
using  triangular  apodisation.  The  spectral  resolution  was  4 
cm"1. 

Hydrazine  and  raonomethylhydrazins  (MMH)  were  01 in  propellant 
grade  materials.  Unsymmetrioal  dimethylhydrazine  (UDMH)  was  used 
as  supplied  by  Aldrich  Chem.  Co..  cab-o-Sil  (Cabot),  alumina 
(Woelm  W-200) ,  silica-alumina  (Grace)  and  iron  (III)  oxide 
(Baker)  were  commercially  available  grades,  other  materials  were 
reagent  grade. 

PROCEDURE 

The  sample  cup  of  the  HVC-DRA  was  filled  with  finely 
powdered  substrate,  the  chamber  sealed,  evacuated  and  heated  to 
150  *C  for  two  hours.  Aftsr  cooling  to  ambient  a  single  beam 
background  spectrum  was  determined.  Using  the  attached  vacuum 
manifold  the  adsorbent  was  exposed  to  2  -  50  torr  of  adsorbate 
vapor  for  10  minutes.  The  chamber  was  evacuated  to  remove  excess 
adsorbate  and  the  sample  single  beam  spectrum  determined,  in  the 


155 


deuteration  studies  the  above  procedure  was  repeated  three  to 
five  times  before  the  background  spectrum  was  determined. 


RESULTS 

Cab-O-Sll  is  a  finely  divided  fumed  silica  whose  surface  is 
characterized  by  the  presence  of  free  Si -OH  groups  (3748  cm"1, 
sharp),  adjacent  groups  SiO-H. .  .O-HSi  (3672  cm"*1,  broad),  and 
hydrogen-bonded  water  (3540  -  3400  cm**1,  broad) ,  On  evacuation 
and  heating  the  low  frequency  bands  decrease  and  the  free-OH  band 
increases  in  relative  intensity.  Repeated  exposure  to  DjO  vapor 
oauses  the  Cab-O-Sil  surface  to  be  predominantly  hydrogen- 
deuterium  exchanged.  The  reflectance  spectrum  of  a  vacuum-baked 
and  deuterated  Cab-O-Sil  sample  is  shown  in  Figure  1.  The  loss 
of  free  surface  -OK  groups  is  indicated  by  the  sharp  negative 
feature  at  3748  cm”1.  The  corresponding  gain  of  free 
surface-OD  groups  is  shown  by  the  positive  absorbance  at  2754 
oa“l.  The  shoulders  on  the  low  frequency  sides  are  caused 


Figure  1.  Reflectance  Spectrum  of  Deuterated  Cab-o-sil 
(Undeuternted  Reference  Spectrum) 


by  adjacent  hydrogen  bonded  Si-OH  (or  Si-OD)  groups.  Adjacent  H- 
bonding  Si-00  groups  appear  at  2690  -  2635  cm-1.  The  -OH  region 
shows  a  negative  absorbance  since  the  sane  sample,  before 
deuteration,  was  used  to  produce  the  background  inter ferogram. 

The  0H/0D  stretching  frequency  ratio  is  1.36,  close  to  the 
expected  1.41. 

After  exposure  of  deuterated  Cab-O-Sil  to  about  2  torr  of 
hydrazine  vapor,  the  speetrun  shown  in  Figure  2  is  produced. 

Both  the  free  and  adjacent  -00  regions  show  negative  absorbance 
relative  to  the  deuterated  background  and  the  -OH  region  shows 
positive  absorbance.  The  free  -OH  and  -OD  bands  are  shifted  to 
3740  and  2723  cm*"1  respectively.  The  broad  envelope  between  3360 
cm**1  and  3000  cm"*1  is  assigned  to  the  NH-stretching  modes  of 
hydrazine.  Liquid  hydrazine  displays  vibrations  at  3338  am*"1  and 
3200  cm"*1,  and  at  least  four  major  bands  at  3360,  3294,  3192  and 
2991  cm*"1  are  present  in  the  spectrum  of  adsorbed  hydrazine. 
Further  evidence  of  -OD/-NH  exchange  associated  with  adsorption 


Figure  2.  Reflectance  Spectrum  of  Hydrazine  Adsorbed 
onto  Deuterated  Cab-O-S il 


is  th«  appearance  of  nsw  bands  in  ths  2450  -  2300  cm"1  rsgion 
which  correspond  to  -ND  strstchss.  N2D4  (liquid)  has  fundamental 
stretches  at  2415  and  2352  cm”1  (Reference  6)  and  these  bands 
indicate  that  at  least  some  exchanged  hydrazine  remains  bound  to 
the  surface. 

Not  shown  in  Figure  2  are  two  low  frequency  absorptions  at 
1613  and  1474  cm"1.  Hydrazine  vapor  has  corresponding  lines  at 
1628  cm"1  and  1493  cm"1.  These  bands  are  tentatively  assigned  to 
-NH2  deformation  vibrations  of  surface  hydrogen-bonded  hydrazine. 
The  deformation  frequency  shifts  of  15  to  19  cm"1  are  in  the  same 
direction,  and  of  comparable  magnitude,  to  that  shown  by  ammonia 
when  adsorbed  to  silica  surfaces  (Reference  7) . 

The  suggestion  that  H-bonding  is  the  major  interaction  shown 
by  hydrazines  was  tested  by  exposing  deuterated  cab-o-Sil  to 
pyridine  and  observing  the  in-plane  deformations  of  pyridine  in 
the  1600  -  1400  cm"1  region.  Ring  modes  were  observed  for 
adsorbed  pyridine  at  1445,  1579,  and  1595  cm"1  and  are  indicative 
of  an  hydrogen-bonded  pyridine  (1445  cm"1)  as  contrasted  to  a 
Lewis-coordinated  (1447  -  1460  cm"1)  or  Bronsted-protonated  (1540 
am"1)  species  (Reference  8) . 

Monomethylhydrazlne  also  exchanges  and  hydrogen  bonds  to  the 
deuterated  Cab-O-sil  surface.  Free  Si-OH  and  adjacent  Si-OH 
functions  were  observed  to  increase  at  3750,  3710,  3626,  and  3531 
cm"1.  The  number  of  -OH  stretches  may  be  due  to  Si-OH  groups  in 
different  sites,  i.e.,  with  -OH  or  -NH  nearest  neighbors.  Of 
particular  interest  are  the  carbon-hydrogen  stretching  and  methyl 
group  deformation  frequencies  of  MMH.  Deuterated  Cab-0-Sil  as  an 
adsorbent  leaves  a  clear  IR  window  in  the  -CH  stretching  region. 
The  -CH  regions  of  adsorbed  (Figure  3)  and  liquid  phase  MMH 
(Figure  4)  show  an  overall  similarity,  but  significant  shifts  can 
be  easily  seen.  The  origin  of  a  sharp,  strong  band  at  2760  cm"1 
is  not  definitely  assigned  but  may  be  due  to  the  -NH3+  group 
(Reference  9).  The  fundamental  bands  are  shifted  to  2990,  2967, 
and  2804  cm"1  for  adsorbed  MMH  and  occur  at  higher  energy  than  in 
the  gas-phase,  opposite  to  the  small  shifts  to  lower  frequencies 


which  ara  typically  obaarvad  in  polar  moleculaa  whan  paaaing  from 
tha  gas  to  tha  liquid  phasa. 

Tha  abnormally  low  fraquanoy  fundamantal  at  2780  cm*1 
obaarvad  in  liquid  MMH  has  baan  attributad  to  intaraotion  of  a 
C-H  bond  with  tha  pair  of  nonbonding  alaotrona  on  tha  adjacant 
nitrogan  (Rafaranca  10) .  Hydrogan  bonding  or  othar  Lawia  acid 
intaraotiona  with  this  Iona  pair  ahould  altar  or  ramova  thia 
alactronio  affaot  and  raault  in  a  shift  to  a  highar  fraquanoy. 

Tha  mathyl-daformation  bands  in  tha  1350  -  1450  cm"1  ragion  in  a 
vida  variaty  of  compounda  ara  known  to  ahift  to  highar 
fraquanciaa  with  inoraaaing  alaotronagativity  of  tha 


Figura  3.  Raflactanca  spactrum  of  Monomathylhydrazina 
Adaorbad  onto  Dautaratad  Cab-O-3 il 


Figure  4.  Transmittance  Spectrum  of  Monomethylhydrazina 
(liquid  film) 

attached  atom  (Reference  ll) .  Tha  combination  band  at  2907  cm'1 
is  tha  sum  of  two  shifted  deformation  modes  and  shows  the  largest 
shift ,  Table  1.  The  spectral  features  of  UDMH/Cab-O-Sil  are 
shown  in  Table  2.  A  summary  of  MMH,  UDMH,  methanol  and  methyl 
amine  frequencies  adsorbed  on  oxide  surfaces  is  shown  in  Table  3. 

DISCUSSION 

The  use  of  deuterated  Cab-O-Sil  as  a  mechanistic  tool  for 
the  infrared  spectroscopic  study  of  adsorptive  interactions  with 
hydrogen-bonding  adsorbates,  such  as  the  hydrazines,  has  several 
distinct  advantages.  Because  the  -OK  spectral  region  is  cleared 
by  the  dav.taration  and  few  functional  groups  have  vibrational 
bands  near  the  <-0D  group  (2800  -  2400  cm'1),  both  frequency  and 
intensity  changes  are  readily  observed.  The  finely  divided  form 
of  Cab-O-sil  makes  it  ideal  for  diffuse  reflectance  studies. 
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TABLE  1.  METHYL  GROUP  FREQUENCIES  OF  MMH  ADSORBED  ON  CAB-0-SILa 


Moda 

Liquid 

Shift 

Adaorbad  Abaorbad-Liquid 

Gaab 

Aaym.  atr. 

2966 

2990 

+24 

2969 

Aayn.  atr. 

2935 

2967 

+32 

2949 

Comb.  daf. 

2877 

2943 

+34 

- 

Comb.  daf. 

2855 

2907 

+52 

2851 

Comb.  daf. 

2840 

2879 

+39 

- 

Sym.  atr. 

2780 

2804 

+24 

2875 

Daf. 

1472 

1476 

+4 

1464 

Daf. 

1438 

1454 

+16 

- 

Daf. 

1411 

1421 

+10 

a  In  on"1 
b  Rafaranca  12 


TABLE  2.  METHYL  GROUP  FREQUENCIES  OF  UDMH  ADSORBED  ON  CAB-0-SILa 


Moda 

Liquid*3 

Adaorbad 

Shift0 

UDMH 

•  HBrd 

Aaym.  atr. 

2976 

2996 

+20 

3259 

(283) 

Aaym.  atr. 

2947 

2967 

+20 

3143 

(196) 

Comb.  daf. 

2889 

2933 

+44 

tm 

Comb.  daf. 

2848 

2872 

+24 

3015 

Sym.  atr. 

2811 

2836 

+25 

2970 

(139) 

Sym.  atr. 

2766 

2792 

+26 

2918 

(147) 

Daf. 

1463 

1469 

+6 

- 

Daf. 

1450 

1461 

+11 

- 

a 

b 

o 

d 


In  cm"1 
Rafaranoa  13 

Shift  with  raapact  to  liquid  phaaa 
Solid  on  KBr  plata 
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TABLE  3.  CARBON-HYDROGEN  STRETCHING  FREQUENCY  SHIFTS* 
FOR  METHYL-ADSORBATES  ON  OXIDE  SURFACES 


UDMH 

MaOH 

M«NH2 


+26 

+26 

(+7)b 


*  For  tha  lov-fraquanoy  symmetrical  C-H  stretch,  In  cm-1 
ralativa  to  liquid  atata 
b  with  raapaot  to  gaa  phase 


j  ,4  V 


\l 


Silica- 

Adsorbate 

Silioa 

Alumina 

Alumina 

MMH 

+24 

+22 

+22 

1 


DRIFT  atudiaa  of  tha  adsorption  of  hydrazine,  MMH,  UDMH  and 
tha  nodal  compounda ,  nathyl  anina  and  nathanolr  on  tha 
anvironnantally  inportant  ailioa  and  alumina  aurfaoaa  ahow  aona 
atriking  commonalitiaa.  Thaaa  polar  nolaoulaa  ara  all  rapidly 
adaorbad/daaorbad  at  roon  tanparatura.  Tha  adaorption  prooaaa  ia 
aooonpaniad  by  H/D-axohanga  on  a  dautaratad  ailioa  aurfaoa  and 
praaumably  on  othara  aa  wall.  Tha  H/D-axohangad  nolaoulaa  oan 
ramain  bondad  to  tha  aurfaoa  aftar  axohanga.  Tha  apaotral 
propartiaa  of  tha  aurfaoa-bound  spaoiaa  ara  similar  to  thoaa  of 
tha  liquid  or  vapor  indicating  that  tha  aurfaoa  intaraotion  ia 
primarily  physical.  Chamiaorption  is  involvad  only  in  tha  oasa 
of  mathanol  and  alumina,  vida  infra.  Finally,  bound  N-mathyl  and 
O-mathyl  groupa  ahow  similar  small  shifts  to  highar  anargiaa  for 
stratohing,  combination  and  daformation  modas. 

A  atruatura  for  tha  H-bondad  aurfaoa  spaoiaa  oonaistant  with 
tha  raaulta  is  shown  in  Figura  5.  Tha  choica  of  N-l  as  tha 
aooaptor  atom  for  tha  unsymmatrical  hydrazinas  is  suggastad  by 
tha  similar  mathyl-group  fraquancy  shifts  shown  by  HMH,  UDMH  and 
mathyl  amina.  Sinoa  N-l  of  UDMH  cannot  act  as  a  N-H  donor  and  is 
also  tha  mora  basic  nitrogan,  tha  most  favorabla  cyclic  structure 
would  involve  N-l  as  an  acceptor  and  N-2  as  a  N-H  donor.  A 
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Figure  S.  Monomethy lhydr a  sine  Adsorbed  to  surfaoo 
.  S  Hanoi  Groups!  A  suggestion 

similar  structure  for  water,  bound  to  surface  silanol  groups,  has 
been  proposed  (Reference  14) . 

The  unsymmetrioal  C-H  stretching  frequency  of  methanol 
decreases  by  11  cm**1  on  adsorption  onto  alumina.  Silica, 
however,  causes  a  shift  to  higher  energy  (+26  cm”1)  and  silica- 
alumina  of  intermediate  value  (+12  cm”1) .  This  is  an  important 
observation  since  Oreenler  has  shown  that  methanol  ohamleorbs 
onto  alumina  with  methoxy  formation  (Reference  15) .  The 
adsorption  of  methanol  onto  silica  or  alumina  surfaces  occurs 
with  different  mechanisms  and  these  mechanisms  are  effectively 
probed  by  the  DRIFT  technique. 

Structure-reactivity  relationships  have  often  been  developed 
by  using  changes  in  molecular  vibrational  frequencies  as  a  probes 
of  structure.  Bellamy  (Reference  ll)  has  reviewed  a  number  of 
such  studies.  Eleotronegativity  has  been  used  to  rationalise 
trends  in  such  relationships  but  the  Pauling  scale  lacks  the 
resolution  for  satisfactory  correlation.  Sanderson  (Reference 
16)  has  recently  developed  a  precise  and  internally  consistent 
scale  of  electronegativities.  Correlation  of  Sanderson 
electronegativities  with  the  symmetrical  methyl  deformation 
frequencies  of  CH3-X  compounds  shows  a  remarkable  linearity  by 
Periodic  row  and  monotonic  change  within  Groups,  Figure  6. 
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Figure  6.  Correlation  of  Sanderson  Electronegativities 
with  Methyl  Deformation  Frequencies 

Using  the  linear  relationship  for  the  First  Row  elements, 

E  -  .015  (v,  cm"1)  -  18.122 

where  E  is  the  Sanderson  electronegativity  and  v  is  the  frequency 
of  the  symmetrical  methyl  deformation  frequency  in  wavenumbers  of 
the  mono-CH3~Y  compound,  the  electronegativity  of  the  -MHMHs 
group  is  estimated  to  be  3.01  in  the  liquid  state.  The  10  cm"1 
shift  observed  on  adsorption  on  Cab-O-Sil  corresponds  to  a  change 
in  electronegativity  to  3.16.  This  increase  is  related  to  the 
altered  dipole-dipole  interactions  which  occur  when  the  electron 
density  on  nitrogen  decreases  as  the  lone  pair  becomes  involved 
in  H-bonding.  The  resultant  partial  positive  charge  and  the 
associated  10  cm"1  increase  can  be  compared  to  the  45  cm"1  shift 
shown  by  methyl  amine  upon  protonation.  The  methyl  group 
deformation  frequency  in  crystalline  UDMH  hydrobromide  could  not 
be  confidently  assigned,  however  the  symmetrical  C-H  stretch 
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showed  a  shift  of  147  cm'1  rslativs  to  the  liquid.  Adsorption 
onto  Cab-O-Sil  causss  a  20  on**1  increase  in  the  UDMH  low 
frsqusncy  strstch . 

CONCLUSIONS 

Adsorption  of  hydrazine,  MMH,  and  UDMH  onto  ths  hydroxy latsd 
surfaoss  of  silica,  alumina  and  silica-alumina  is  tha  result  of 
ravers ibis  physisorption.  The  primary  interaction  is  through  H- 
bonding  and  H/D-exchanga  occurs  if  the  surface  is  deuterated. 

The  adsorbed  structure  is  similar  to  that  in  the  liquid  as 
evidenced  by  similar,  but  slightly  shifted,  vibrational 
frequencies.  Analysis  of  these  shifts  shows  that  a  5  percent 
increase  in  the  apparent  Sanderson  electronegativity  of  the 
hydras inyl  nitrogen  oacurs  on  adsorption,  consistent  with  the 
dipole-dipole  interactions  of  H-bonding.  Contrarily, 
chemisorption  of  methanol  on  alumina  results  in  decreases  in  the 
methyl  group  C-H  stretching  frequencies. 

DRIFT  spectroscopy  then  has  proven  to  be  a  useful  probe  for 
the  study  of  small  changes  in  the  structure  of  surface-bound 
molecules . 
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THE  SOIL  MICROBIOLOGY  OF  HYDRAZINES 


L.-T.  OU  AND  J.J.  STREET 

SOIL  SCIENCE  DEPARTMENT 
UNIVERSITY  OF  FLORIDA 
GAINESVILLE,  FLORIDA  32611 

INTRODUCTION 

Hydrasine  fuels  art  toxic  to  many  forms  of  Ilfs  and  thslr  persistence 
In  soils  Is  not  known.  Therefore,  ws  Initiated  this  study  to  obtain  informa¬ 
tion  on  the  effects  of  hydrasine  (HZ)  and  monomethylhydraslne  (MMH)  on  soli 
microbial  activity,  microbial  degradation  of  the  chemicals,  and  thslr  persis¬ 
tence  In  soils.  Several  aspects  of  the  work  on  hydrasine  have  been  pub¬ 
lished.1*2*3 

MATERIALS  AND  METHODS 

CHEMICALS 

Hydrasine  monohydrate  and  hydrasine  sulfate  were  purchased  from  Aldrich 
Chemical  Co.  (Milwaukee,  VI)  and  MMH  was  provided  by  Dr.  D.A.  Stone,  AFESC, 
1SN-hydrasine  sulfate  was  obtained  from  Icon  (Summit,  NJ),  and  ^C-MMH  was 
purchased  from  Amereham  (Arlington  Heights,  XL) .  All  other  chemicals  were 
either  analytical  grade,  scintillation  grade,  or  the  highest  grade 
commercially  available. 

SOIL  TREATMENT 

One  hundred  g  or  two  hundred  g  of  Arredondo  fine  sand  in  250  mL  Erlen- 
meyar  flasks  or  In  500  mL  glass  containsrs  with  plastic  screw  caps  were 
treated  with  HZ  or  MMH  at:  concentrations  ranging  from  10  to  500  pg/g.  After 
mixing,  water  was  added  to  give  a  soil-water  content  of  8  mL  H20/g  soil. 

SOIL  EXTRACTION 

For  extraction  of  HZ  residue  from  soil  samples,  samples  suspended  In 
0.1M  NaCl  were  mechanically  shaken  for  10  min  and  centrifuged.  This  proce-- 
dure  was  repeated  two  more  times.  0.1M  HC1  was  used  for  extraction  of 
MMH  residue  from  soil. 
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MEASUREMENT  OF  SOIL  RESPIRATION 


Carbon  dioxide  evolved  from  the  samples  in  closed  glass  bottles  was 

4  14 

trapped  in  KOH  and  determined  by  titration  .  C  trapped  in  the  KOH  was 
determined  by  scintillation  counting. 

MEASUREMENT  07  BACTERIAL  AND  FUNGAL  POPULATIONS 

Bacterial  and  fungal  populations  In  soil  were  determined  using  dilution 
plate-count  methods5. 

MEASUREMENT  OF  HZ  AND  MMH 

HZ  was  determined  by  the  colorimetric  method  of  Watt  and  Chrisp , ^  and 
the  colorimetric  method  of  Pinkerton  et  al .  ^  was  used  for  detert  (.nation  of 


MEASUREMENT  OF  MICROBIAL  GROWTH 

Growth  of  bacterial  cultures  was  determined  turbldlmetrlcally  at  550  nm 
with  a  spectronlc  20  spectrophotometer. 

RESULTS  AND  DISCUSSION 


* 


HYDRAZINE 

At  low  concentrations  (100  ug/g  and  lower),  HZ  disappeared  rapidly 
from  Arredondo  soil.  Even  at  500  ug/g,  the  chemical  disappeared  completely 
in  8  days  (Table  1).  By  comparing  the  HZ  loss  from  unsterile  and  sterile 
samples,  autooxidation  appeared  to  be  the  principal  factor  contributing  to 
the  disappearance  of  the  chemical  from  soil.  Biological  oxidation  was  a 
relatively  minor  factor,  responsible  for  perhaps  20Z  of  the  disappearance. 

Soil  respiration  (total  C02  evolution)  in  hydraaine-treated  soil  sam¬ 
ples  was  initially  inhibited,  with  the  degree  of  inhibition  progressively 
increasing  as  HZ  concentration  increased  (Table  2).  However,  such  inhibi¬ 
tion  was  temporary.  In  fact,  not  only  had  all  samples  recovered  from  the 
inhibition  within  2  days,  but  C02  production  in  the  HZ-treated  samples  was 
actually  higher  than  in  the  controls.  Total  cumulative  C02  production 
in  all  treatments  was  not  significantly  different  after  21  days. 

Bacterial  populations  in  hydrarins-treated  samples  were  reducad  ini¬ 
tially,  but  fungal  populations  were  not  affected  (Table  3).  Therefore,  the 
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TABLE  1 


HZ  Remaining  In 

Unsterile 

and  Sterile 

Arredondo  Soil. 

Days 

HZ  (*) 

100  yg/g 

500  yg/g 

Sterile 

Unsterile 

Sterile 

Unsterile 

0.05 

83 

62 

97 

93 

1 

8 

0 

71 

62 

2 

0 

0 

52 

39 

3 

0 

0 

39 

25 

6 

0 

0 

13 

3 

8 

0 

0 

8 

0 

TABLE  2 

Effect  on  HZ  on  Soil  Respiration  in  Arredondo  Soli. 


Rate  of  COj  Production  (mg  C02-C/100  g  Soil/day) 


Days 


HZ  (yg/g) 


0 

2.5 

25 

1 

2.73 

2.41 

1.99 

3 

1.55 

1.66 

1.76 

7 

0.70 

0.82 

0.80 

14 

0.54 

0.50 

0.49 

21 

0.50 

0.40 

0.44 

Total 

16.71 

16,38 

15.74 
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FIGURE  1 

HZ  Degradation  and  Growth  of  tha  Achroaobactar  ap. 
Daalgnatlona:  O  and  A*  Abaorbanca  of  Culture  Fluids 

with  Initial  HZ  Concentration  of  25  and  51  yg/g, 
Respectively;  #  .  andAi  HZ  Concentration  in  Culture 
Fluid;  and  □,  HZ  Concentration  in  Culture-Free 
Glucose-Amended  Medium. 
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TA3LE  4 


HZ  in  Call  Suspanaions  of  tha  Achromobactar  sp.  aftar  Two  Hours  of 
Incubation . 


Call 

Suspension 

Initial  HZ 

(pg/g) 

%  Reduction 

Live 

25 

96 

Live 

50 

95 

Live 

90 

94 

Live 

104 

84 

Live 

120 

56 

Live 

162 

52 

Autoclaved 

50 

0 

Tho  Achromobactar  ap.  also  anhancad  HZ  dagradatlon  In  watars.  Whan 
18-hour-calls  of  the  Achromobactar  sp.  vara  addad  to  six  watars  which  con- 
tainad  50  pg/mL  of  HZ.  96  to  22X  of  tha  HZ  was  dagradad  in  2  hours  (Tabla 
5).  Whan  bactarlal  calls  wars  not  addad.  HZ  was  not  dagradad  in  thesa 
watars  during  tha  2  hours  of  incubation. 

MONOMETHYLHYDRAZINE 

Similar  to  HZ,  MMH  in  Arradondo  soil  also  dlsappaarad  rapidly.  At  con- 

cantratlons  of  130  and  500  pg/g,  MMH  complataly  dlsappaarad  in  48  hours 

(Tabla  6).  By  using  14C-MMH,  32  and  15Z  of  appllad  ^C-activity  in 

Arradondo  soil  treated  with  100  and  500  pg/g  of  tha  chamlcal  was  volatilised 

and  trappad  in  K0H  traps,  raapactivaly  (Tabla  7).  Aftar  acidification  of 

tha  KOH  with  concentrated  HC1  to  a  pH  laval  balow  1,  only  6  and  4X  of 
14 

C-actlvity  rsmainir.g  in  tha  acldlflad  KOH,  raspsctlvsly.  This  indicated 

14  14 

that  tha  majority  of  tho  trappad  C  was  in  tha  form  of  CO..  Tharafora, 

14  14  L 

C-MMH  In  soil  was  dagradad  to  CO2.  Such  dagradatlon  is  microbial. 

At  concentrations  of  10  and  100  Pg/g,  MMH  did  not  hava  any  toxic  affact 
on  aoil  respiration,  and  on  noli  bactarlal  and  fungal  populations  (Tablas  8 
and  9).  In  fact,  soil  respiration  in  tha  10  and  100  pg/g  traatmant  remained 


TABLE  5 


HZ  Da gradation  in  Water*  Suspended  with  tha  Achromobaetar  *p. 


Santa  Fa  Rlvar 
Laka  Alica 
Nawmans  Laka 


Watar 

HZ 

Watar 

HZ  | 

¥s 

(yg/g) 

(yg/g)  I 

Fralria  Craek 

28 

Tap  Watar 

52 

Diatillad  Watar 

22 

TABLE  6 

MMH  in  Arradondo  Soil. 

Houra 

X  of  Appliad  MMH 

100  yg/g  500  Ug/g 

0.05 

42  79 

4 

8  23 

24 

2  2 

48 

0  0 

l  'a  a  w  A-atA-taA  *-•*  »,A 
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TABLE  7 


14 

C-Activity  Trapped  in  KOH  aftar  48  Hours  of  Incubation. 


MMH 

(ug/g) 

X  of  Applied 

14C 

l4C  Trapped 

14 

C  Remaining  in 

in  KOH 

Acidified  KOH 

100 

32 

6 

500 

15 

4 

TABLE  8 

Soil  Respiration  in  Arredondo  Soil  Treated  with  MMH. 

Days  Rate 

of  C02 

Production  (mg  C02- 

-C/g  Soil/Day) 

HZ  (ug/g) 

0 

10 

100 

1 

4.61 

5.00 

5.56 

3 

2.96 

3.22 

3.42 

7 

1.47 

1.57 

1.65 

14 

1.05 

1.21 

1.20 

21 

0.78 

0.92 

0.93 

28 

0.64 

0.72 

0.71 

Total 

37.91 

41.67 

43.53 

TABLE  9 


Bacterial  and  Fungal  Population  in  Arcadondo  Soil  Treated  with  MMH, 


MMH 

Days 

lyg/87 

7 

14 

21 

Baotaria  (cfu  x  10"3? 


0 

201 

151 

126 

10 

192 

172 

185 

100 

271 

175 

166 

Fungi  (cfu  x  10-3) 

0 

76 

87 

79 

10 

81 

86 

77 

100 

83 

104 

100 

highar  than  in  tha  control  traatmant  throughout  tha  antira  28  daya  of  incu¬ 
bation.  This  waa  in  part  dua  to  tha  dagradation  of  MMH-C  to  C02>  and  in 
part  dua  to  tha  fact  that  tha  normal  soil  raaplration  procaaa  waa  not 
lnhlbltad  by  tha  chamlcal. 

Tha  Achromobactar  ap.  which  had  a  high  capacity  to  dagrada  HZ  also  had 
a  high  capacity  to  dagrada  MMH.  In  addition,  A  Paaudomonaa  ap.,  which  was 
alao  laolatad  from  Arradondo  soil,  alao  dagradad  MMH. 
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NUMERICAL  SIMULATION  OF  HYDRAZINE  TRANSPORT  IN  A  SANDY  SOIL 
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Gainesville,  FL  326, tl 
S.A.  Bloom  and  W.C.  Downs 

ABSTRACT 

Aqueous  solutions  of  hydrasinlum  were  miscibly  displaced  through  columns 
of  water  saturated  Arredondo  fine  sand  in  order  to  measure  breakthrough  curves 
(BTC)  for  concentration  in  column  effluent.  Solutions  containing  approximately 
200  us  ml"*  hydrasinlum  were  applied  as  a  wide  pulse  and  as  a  continuous  appli¬ 
cation.  Two  Darcy  liquid  velocities  of  0.5  and  5.0  cm  h~*  were  used  to  eval¬ 
uate  the  importance  of  kinetics  for  physical  sorption  upon  mobility  of 
hydrasinlum  in  the  soil  columns.  A  finite  diffsrence  numarlcal  transport  model 
for  hydrasinlum  was  evaluated  by  comparing  simulated  and  experimental  break¬ 
through  curves.  Kinetic  linear  physical  sorption  and  irreversible  first  order 
chemisorption  components  of  the  transport  model  were  observed  to  be  critical  in 
providing  adequate  simulation  of  hydrasinlum  BTC.  Initial  breakthrough  of 
hydrasinlum  in  the  effluent,  general  shape  of  BTC,  tailing  of  BTC,  and  maximum 
hydrasinlum  concentrations  in  the  effluent  were  particularly  sensitive  to  the 
magnitudes  of  rate  coefficients  for  sorption  and  degradation.  Ion  exchange 
appeared  to  be  of  minimal  Importance  to  the  transport  of  hydrasinlum  under  the 
conditions  for  the  column  experiments.  Hydrasinlum  mobility  in  this  soil  is 
clearly  dependent  upon  pore  water  velocity,  and  other  work  indicates  that  it  is 
also  highly  dependent  upon  concentration  of  hydrasinlum  in  the  soil  solution. 

INTRODUCTION 

Hydraslne  is  a  highly  reactive  and  carcinogenic  diamine  (NHj-NH^  which 
has  multiple  usee  (6),  that  range  from  chemical  applications  such  as 
deoxygenation  of  water  in  boiler  systems  to  aerospace  and  military  application 
as  a  component  of  rocket  fuel.  Due  to  the  wide  spread  use  and  toxicity  to 
humans,  the  potential  exists  that  accidental  spillage  or  leakage  from  storage 
tanks  onto  soils  could  result  in  environmental  contamination  of  underlying 
groundwater.  Interactions  of  hydraslne  between  gaseous,  liquid  and  solids 
phases  of  soil  are  very  complex  (7)  and  Include  transfer  of  hydraslne  from 
soil  solution  to  colloids  by  irreversible  chemisorption  and  reversible  physical 
sorption,  hydrolysis  of  hydraslne  (N^H^0)  to  hydrasinlum  (N^H^^)  at  low  pH, 
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and  ravarslble  cation  exchange.  Hydrazine  in  a  water-saturated  soil  environ¬ 
ment  is  also  subject  to  chemical  (autooxidation)  and  microbiological  (soil 
bacteria)  degradation.  Much  of  the  published  Information  concerning  inter¬ 
actions  between  soils  and  hydraslne  actually  Involves  investigations  with  a 
single  reactive  soil  component  such  as  crystalline  clay  minerals ,  amorphous 
minerals  and  organic  matter.  A  need  exists  to  investigate  the  fate  and 
transport  of  hydrazine  in  whole  soils  which  contain  all  of  these  components  in 
a  known  proportion  as  exists  in  nature.  Of  particular  importance  are  eandy 
soils  which  have  high  proportions  of  inert  quartz  sand  and  small  proportions  of 
reactive  components.  Accidental  spillage  of  hydrazine  fuels  upon  such  soils 
could  result  in  convective-transport  of  hydrazine  in  the  mobile  solution  phase 
of  the  soil  profile  and  possibly  contaminate  groundwater. 

In  this  work)  dilute  aqueous  hydrazine  solutions  were  applied  with  steady 
flux  to  water  satureted  columns  of  a  sandy  soil»  and  breakthrough  curves  of 
hydrazine  and/or  hydrazlnlum  (concentrations  versus  pore  volumes  of  effluent) 
were  used  to  evaluate  a  one-dimensional  convective-dispersive  transport  model 
for  describing  the  transport  of  hydrazine  and/or  hydrazlnlum  through  soil. 
Transport  equations  for  the  model  Include  sink  terms  to  account  mathematically 
for  a  number  of  interactions  known  to  occur  between  hydrazine  and  soil. 

THEORY 

A  numerical  model  was  developed  to  simultaneously  describe  the  fate  and 
transport  of  three  solute  species  -  hydrazine  (N2H^°),  hydrazlnlum  (N2  H,.1"), 
and  a  soil  cation  species  such  as  Ca^f  -  during  steady  liquid  flow  through 
water  saturated  soil.  The  model  is  applicable  to  the  situation  where  aqueous 
solutions  of  hydrazine  and/or  hydrazlnlum  are  applied  at  constant  flux  to  soil 
with  cation  exchange  sites  initially  saturated  with  a  single  ion  species  such 

2f 

as  Ca  .  Hydrazine  and  hydrazlnlum  molecules  present  In  the  soil  solution  are 
conceptually  assumed  in  the  model  to  be  irreversibly  transferred  to  the  solids 
phase  by  chemisorption)  reversibly  transferred  to  the  solids  phase  by  physical 
sorption,  and  completely  removed  by  separate  microbial  and  chemical 
degradation  mechanisms.  For  solution  pH  values  less  than  7.8  s  portion  of  the 
hydrazine  is  essumed  to  be  converted  to  hydrarinium  by  hydrolysis.  Hydrazlnlum 
molecules  are  also  assumed  to  undergo  ion  exchange  with  the  cation  species 
(Ca  )  initially  present  in  the  exchange  phase  of  the  soil. 
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Mathematical  aquations  for  the  fata  and  transport  of  hydrazine  (solute 
species  #1),  hydrazinium  (solute  species  # 2),  and  soil  cation  (solute  species 
#3),  respectively,  are  given  by 
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and  3C3  _  D  32C3  -  v  BCj  -  *31  [3] 

F  7  F  .i 

where  C, ,  C„  and  C„  are  concentratlona  (pg  ml  )  of  hydratlne,  hydrazinium  and 
l  i  J  2-1 

eoll  cation,  reapectlvely.  The  dlaperaion  coefficient  (cm  h  )  la  repraaanted 

ae  D,  v  *q/0  la  the  pore  water  velocity  (cm  h  “),  q  la  the  Darcy  veroclty  (cm 

h  ),  0  la  the  volumetric  water  content  (cm  cm  ),  e  la  distance  (cm)  through 

the  soil  and  t  le  time  (h) .  Reactions  for  hydraslne,  hydrailnlum,  and  soil 

cation  are  represented  by  +u,  021>  and  03i  sink  terms,  respectively.  Eight 

sink  terms  In  equations  [1,  2  and  3]  are  given  for  specific  reactions.  Kinetic 

reversible  physical  sorption  for  hydraeine  is  represented  (3)  as 


*11  "  kf  Cin”  \  Sj  [4] 

where  kf  end  k^  are  forward  and  backward  rate  coefficients  (h*1),  respectively, 
p  Is  soil  bulk  density  (g  cm"3),  2,  is  the  concentration  (pg  g-1)  of  hydrazine 
in  the  solids  phase,  and  n  Is  the  dimensionless  exponent  associated  (3)  with 
the  Freundlich  sorption  isotherm  for  equilibrium  conditions.  Under  flow 
conditions  suitable  for  local  equilibrium,  equation  [e]  becomes 

0U  ■  n  (p/0)  KCj”"1  3C1  -  n  (p/0)  kf  C^"1  3C1  [5] 

3t"  kj  3t“ 


3  -1 

where  K  ie  the  Freundlich  distribution  coefficient  (cm  g  ).  Chemisorption, 
microbial  degradation,  and  chemical  degradation  for  hydrazine  are  assumed  to  be 
apparent  first  order  irreversible  reactions  ae 

*12  "  klCl  ,  [61 

where  k^,  is  the  sum  of  the  rate  coefficients  (h  )  for  the  respective 
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mechanisms.  Hydrolysis  of  hydrazine  la  given  as 


♦  -  10pH  '  7,8  aC2  [7] 

Te" 

Reaction  terms  for  hydrazlnium  Include  one  for  cation  exchange  with  soil 
cations 

♦21  -  <0/6>  ^  [8] 

ar 

where  S2  la  Cha  concentration  (maq  ml-1)  of  hydrazlnium  ionic  species  in  the 
soil  exchange  phase.  A  more  detailed  presentation  of  the  fora  of  equation  [8] 
la  given  in  (4)  and  (8).  Cation  exchange  capacity  (maq  g”1)  and  exchange 
selectivity  coefficients  for  the  soil  used  are  required  input  parameters  for 
equations  [8].  Hydrazlnium  degradation  is  expressed  as 

^22  "  k2  C2  ^ 

where  k2  la  a  summed  rate  coefficient  (h*1).  Physical  sorption  is  given  as 

*23  "  kt  C2  "  kd  52  1101 

where  C2  is  the  concentration  (Ug  g"1)  of  hydrazlnium  in  the  sorbed  phase,  m  is 
the  Freundlich  exponent,  and  k  and  k.  are  forward  and  backward  rate 

—1  m  Q 

coefficients  (h  ) .  A  separate  equation  is  also  needed  for  the  rate  of 
sorption: 

m 

352  _  <e/P)  kt  c2  -  kd  c2  .  [ii] 

aF 


Hydrolysis  is  given  as 


*24  ’  10 


7.8-pH  ac, 

w 


,  and 


[12] 


cation  exchange  for  Caff  is  given  as 


*31  -  (D/e)  a53 

a  r 


[13] 


where  S3  is  the  concentration  (meq  ml-1)  of  the  soil  cation  species  initially 


present  in  the  exchange  phase  (4) . 

In  Chls  paper i  acid  soil  conditions  ware  assumed  such  that  hydrolysis  was 
not  considered  and  the  affect  of  Ion  exchange  was  assumed  minimal.  Thus  the 
transport  of  hydrazine  and  soil  cation  species  were  not  considered  in  model 
simulations.  Thus,  hydras inium  transport  equation  [2]  and  reaction  tarms  given 
as  [8],  [9],  and  [10]  wars  used  in  a  simplified  version  of  the  model. 
Initially,  C2  and  52  concentrations  were  zero  within  the  solution  and  solids 
phases  of  columns  of  water  saturated  soil.  Steady  liquid  flow  (v  ■  constant) 
was  maintained  at  all  times  and  dilute  aqueous  solutions  with  concentration  CQ 
was  applied  both  as  a  step  function  and  as  a  wide  pulse  to  the  soil  surface 
using  a  flux  boundary  condition 

VC"  VC,  -  D  8C.  for  t  >  0  [14] 

O  t  4 

TT 

At  the  bottom  of  the  columns  of  length  L  (cm),  the  boundary  condition  was 

dC2  "  0  for  t  *  0.  [15] 

■§r 

A  Crank-Nicholaon  finite  differencing  technique  (9)  was  used  to  numeri¬ 
cally  solve  equations  [2],  [8],  [9],  [10],  and  [11]  subject  to  conditions  [14] 
and  [15].  Values  for  time  steps  At  end  space  steps  As  used  in  the  numerical 
solution  were  adjusted  to  Insure  minimal  cumulative  mass  balance  errors  In  the 
solutions. 

METHODS 

Samples  of  the  E2  horizon  of  Arredondo  fine  sand  were  obtained  from  a  site 
in  NW  Alachua  County,  Florida.  The  samples  were  air  dried  and  slevad  to  pass  a 
2  mm  screen  before  use.  Only  data  from  the  E2  horizon  is  Included  in  this 
report . 

Soil  was  packed  to  a  bulk  density  of  1.6  g  cm  deaerated  with  helium, 
and  saturated  with  0.01  N  CaCl2  [See  (1)  for  details].  A  peristaltic  pump  was 
used  to  apply  flow  rates  of  0.5  and  5.0  cm  hr  ^  to  the  soil  columns.  An 
automatic  fraction  collector  was  used  to  collect  effluent  samples.  Alternate 
test  tubes  of  effluent  were  treated  with  1.0  ml  or  0.1  K  HC1  in  order  to 
stabilize  the  hydrasinlum  prior  to  colorimetric  analysis  in  a  spectrophoto¬ 
meter.  Test  tubes  without  HC1  were  analysed  for  pH  and  for  calcium  concent¬ 
ration  by  atomic  absorption  spectroscopy. 

The  soil  pH  in  0.01  N  CaCl2  was  determined  as  4.45  and  hydrazine  input 


solutions  were  prepared  In  the  CaC^  solution  and  adjusted  to  the  soil  pH. 
Information  about  the  physics  of  flow  waj  determined  by  using  tritlated  water 
as  a  tracer  and  observing  the  breakthrough  of  tritium  in  the  column  effuent  at 
the  two  flow  rates  using  standard  methods.  Breakthrough  curves  were  prepared 
and  analyzed  for  Peclet  number  and  dispersion  coefficient. 

RESULTS  AND  DISCUSSION 

Steady  displacement  of  aqueous  solutions  containing  approximately  200  ug 

ml~*  hydrasinlum  either  as  a  wide  pulse  or  as  a  continuous  application  through 

water-saturated  columns  of  subsurface  Arredondo  fine  sand  was  performed  to 

investigate  the  fate  and  transport  of  hydrazine.  Descriptive  parameters  for  2 

columns  with  a  Darcy  liquid  flux  of  0.5  cm  h~*  and  for  2  columns  with  a  Darcy 

flux  of  5  cm  h”*  are  presented  in  Table  1.  Downs  (1)  previously  showed  that 

even  a  solute  as  reactive  as  hydrasinlum  can  be  tranaported  through  this  sandy 

soil.  Experimental  BTC's  for  hydrazlnium  from  these  four  soil  columns  are  used 

in  this  paper  to  provide  preliminary  sensitivity  analyses  for  pertinent  input 

parameter  of  a  numerical  transport  model  presented  here  and  to  evaluate  the 

model  for  comperlson  of  simulated  and  experimental  BTC's.  Nineteen  model 

simulations  are  presented  In  this  paper  (Table  2).  Initial  attempts  tc  provide 

descriptions  of  hydrasinlum  BTC's  for  the  Arrendondo  soli  quickly  revealed  that 

Ion  exchange  gave  only  a  minor  contribution  to  hydrazlnium  mobility  in  this 

soli  which  has  a  vary  small  cation  exchange  capacity.  Reversible  kinetic 

physical  sorption  and  Irreversible  chemisorption,  however  were  observed  to 

critically  control  hydrasinlum  mobility.  Simulations  presented  in  Figure  1 

reveal  the  sensitivity  of  the  model  to  the  magnitudes  and  ratios  of  forward  kft 

and  backward  k^  physical  sorption  rate  coefficients  as  well  as  the  magnitude  of 

the  first  order  chemisorptiou  rate  coefficient  k,.  Each  of  these  simulations 

i  -1 

was  performed  for  soil  columns  #2  where  the  Darcy  water  velocity  wes  5.0  cm  h 
and  hydrazine  solution  was  applied  continuously.  Under  equilibrium  conditions 
using  a  stirred  soil  suspension  technique,  the  sorption  Isotherm  was 
effectively  linear  in  this  concentration  range  (1).  Thus  linear  physical 
sorption  was  used  here  in  the  model. 

In  simulations  for  Fig.  1A  kinetic  sorption  was  included  in  the  model  but 
chemisorption  was  ignored.  Increesing  the  ratio  k^/kj  while  maintaining  kd 
constant  affectively  increased  the  magnitude  of  k  .  The  overriding  change  in 

A 

simulations  was  to  translate  the  BTC  to  greater  numbers  of  pore  volumes  of 
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Table  2.  Parameter  used  In  model  simulations  of  hydrazlnium  breakthrough 

curves  obtained  for  selected  soil  columns.  Linear  physical  sorption 

is  assumed  In  all  cases. 


Soil 

Simulation 

Ratio 

Rate 

Rate 

Physical 

hate 

Column 

Number 

Number 

Vkd 

Coefficient 

ka 

Coefficient 

kd 

Sorption 

Mode 

Coefficient 

k4 

2 

1 

1.00 

0.00100 

0.00100 

kinetic 

0 

2 

1.25 

0.00125 

0.00100 

II 

0 

3 

1.50 

0.00150 

0.00100 

II 

0 

4 

1.75 

0.00175 

0.00100 

IV 

0 

5 

2.00 

0.00200 

0.00100 

ii 

0 

6 

1.50 

0.00150 

0.00100 

II 

0 

7 

1.50 

0.00300 

0.00200 

II 

0 

6 

1.50 

0.00750 

0.00500 

n 

0 

9 

1.50 

0.00750 

0.0050 

•i 

0.000010 

10 

1.50 

0.00750 

0.0050 

II 

0.000025 

11 

1.50 

0.00750 

0.0050 

•i 

0.000040 

1 

12 

1.50 

0.00750 

0.0050 

kinetic 

0.000025 

1 

13 

1.50 

0.00750 

0.0050 

equilibrium 

0.000025 

2 

14 

1.50 

0.00750 

0.0050 

kinetic 

0.000025 

2 

15 

1.50 

0,00750 

0.0050 

equilibrium 

0.0000025 

3 

16 

1.50 

0.00750 

0.0050 

kinetic 

0.0000025 

3 

17 

1.50 

0.00750 

0.0050 

equilibrium 

0.0000025 

4 

18 

1.50 

0.00750 

0.0050 

kinetic 

0.0000025 

4 

19 

1.50 

0.00750 

0.0050 

equilibrium 

0.0000025 

184 


WU*VUHLiX^kkJLk  UkUkKWJU  KkJU  Jkk  KJt  EJ^XJa  Ilk  JUJU  XWKJUf-  U  U'  ;.*  /  Jk  ryU* JU"  JJ : 


effluent i  thus  providing  Increased  retardation  and  decreased  mobility  of  the 
hydrazinum. 

Absolute  magnitudes  of  the  forward  and  backward  k^  sorption  rate 
coefficients  were  varied  while  maintaining  a  constant  ratio  k^/k^  for  simu¬ 
lations  presented  In  Fig.  IB.  Chemisorption  was  ignored  for  these  simulations. 
Increasing  the  absolute  magnitudes  of  kfi  and  k^  while  imposing  a  constant  ratio 
k^/kj  tended  to  rotate  the  simulated  BTC  so  as  to  result  In  steeper  curves. 
Large  magnitudes  of  kg  and  k^  In  a  kinetic  sorption  submodel  for  solute  trans¬ 
port  tend  to  give  BTC's  similar  to  those  obtained  by  an  equilibrium  sorption 
submodel.  The  effect  of  the  magnitudes  of  kfl  and  k^  on  BTC's  for  reactive 
solutes  has  been  shown  to  be  only  marginal  for  small  ratios  of  ka/kd,  but  for 
Increasing  ratios  of  k^/k^  the  magnitudes  of  the  coefficients  become  very 
significant  (5). 

Using  constant  values  for  kft,  kj,  and  ka/kd,  the  rate  coefficient  for 
chemisorption  k2  was  varied  for  simulations  presented  in  Fig.  1C.  Increasing 
k2  tended  to  decrease  maximum  concentrations  of  hydrazlnlum  In  the  column 
effluent  and  gave  BTC's  that  approached  a  plateau.  Similar  effects  have  been 
observed  for  simulations  of  phosphate  transport  in  columns  of  sandy  soil  (2) . 

Using  best  visual  fit  values  for  k^,  kd»  kfl/kd  and  k2  In  the  transport 
model,  simulations  (Fig.  2A)  wars  performed  for  soil  column  #2  using  assumpt¬ 
ions  of  kinetic  versus  equilibrium  physical  adsoptlon.  The  simulation  using 
kinetic  sorption  described  the  experimental  data  while  the  simulation  based 
upon  equilibrium  sorption  gave  an  overestimation  of  retardation  of  hydrazlnlum 
movement  through  the  soil  and  a  BTC  that  was  excessively  steep.  Similar 
effects  have  been  observed  (10.  5.  2)  for  simulations  for  phosphate  transport 
in  soil. 

Bast  values  for  k  ,  k  / k,.  and  k,  for  column  #2  (Fig.  2A)  wars  then  used 

a  A  0  H 

to  simulate  hydrazlnlum  BTC  using  assumptions  of  kinetic  versus  equilibrium 
sorption  for  column  #1  with  q  ■  5.0  cm  h~^  that  received  a  pulse  application  of 
hydrazlnlum  solution  (Fig.  2B) ,  for  column  #4  with  q  -  0.5  cm  h”1  that  received 
a  pulse  application  of  hydrazlnlum  solution  (Fig.  2D),  and  column  #3  with  q  - 
0.5  cm  h  *  that  received  continuous  application  of  hydrazlnlum  solution  (Fig. 
2C) .  Based  on  analyses  of  degradation  in  observed  continuous  hydrazlnlum 
BTC's,  there  is  evidence  that  chemisorption  approaches  a  limit  at  long  contact 
times.  The  value  of  k2  was  reduced  by  an  order  of  magnitude  in  the  last  two 
simulations  to  parallel  the  reduction  In  flow  rate  so  as  to  compensate  for  this 
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Figure  2:  Simulated  hydrazlnlo  kinetic  (solid)  and  equilibria  (broken)  BTC's  for:  (A)  Soil  Colon 
#2;  (B)  Soil  Colon  #1;  (C)  Soli  Colon  #3;  and  (D)  Soil  Colon  #4.  See  Table  2  for 
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phenomenon.  As  In  Fig.  2A  simulations  based  upon  kinetic  sorption  provided 
closer  agreement  to  experimental  BTC's  than  did  simulation  based  upon 
equilibrium  sorption.  Although  simulations  based  on  kinetic  sorption  generally 
described  tha  BTC  for  q  •  0.5  cm  h”*  conditions,  the  description  was  not  as 
close  to  experimental  data  as  was  for  column  #2  where  the  Darcy  flux  was 
ten-fold  greater.  Large  values  of  pore  water  velocity  tend  to  have  smaller 
residence  times  for  solute  transport  than  under  conditions  of  slower  flow. 
Kinetic  sorption  thus  tends  to  become  Increasing  important  as  the  water  pore 
velocity  Increases.  A  similar  effect  when  pesticide  BTC's  were  predicted  for 
high  and  low  values  of  water  flux  (9)  was  observed. 

LITERATURE  CITED 

1.  Downs,  W.C.,  R.S.  Mansell,  J.J.  Street,  S.A.  Bloom,  and  D.C.M.  Augustyn. 

1987.  Hydrazine  transport  in  columns  of  sandy  soil.  Proceeding  of 

International  Conference  on  Impact  of  Physlco-Chemistry  On  the  Study, 
Design  and  Optimisation  of  Proceasss  in  Natural  Porous  Media  Convened  in 
Nancy,  France  during  June  10-12,  1987.  pages  285-291. 

2.  Mansell,  R.S.,  H.M.  Salim,  P.  Kanchanaaut,  J.M.  Davidson  and  J.6.A. 
Flskell.  1977.  Experimental  and  simulated  transport  of  phosphorus 
through  sandy  soils.  Water  Resour.  Res.  13(189-194. 

3.  Mansell,  R.S.  and  H.M.  Salim.  1981.  Mathematical  models  for  predicting 
reactions  and  transport  of  phosphorus  applied  to  soil.  Chapter  21  in 
"Modeling  Wastewater  Renovation  Land  Application"  John  Wiley,  I.K. 
Iskandar  (ed.).  Pages  600-646. 

4.  Mansell,  R.S.,  S.A.  Bloom,  H.M.  Selim,  and  R.D.  Rhue.  1986.  Multlspecles 
cation  leaching  during  continuous  displacsment  of  electrolyte  solutions 
through  soil  columns.  Geodsrma  38:61-76. 

5.  Murall,  V.  and  L.A.G.  Aylmore.  1981.  A  convactlva-disparslve-adsorptlve 
flow  model  for  solute  transport  in  soil.  I.  Model  description  and  some 
simulation.  Aust.  J.  Soil  Res.  19:23-39. 

6.  Schiessl,  H.W.  1980.  Hydrazine  -  Rocket  Fuel  to  Synthetic  Tool. 
Aldrlchlmica  Acta  13:33-40. 

7.  Schmidt,  E.W.  1984,  Hydrazine  and  its  Derivatives.  Pages  595-601.  John 
Wiley  and  Sons,  New  York. 

8.  Schulln,  R.,  H.  Ftuhler,  R.S.  Mansell,  and  H.M.  Selim.  1986.  Miscible 
displacement  of  ions  in  aggregated  soil.  Geodsrma  38:311-322. 


I 

»T 


*1* 

A 

«•* 

*!• 

A 


5v 

$ 

V 

& 


m 


fvi 


9.  Selim,  H.M.,  J.M.  Davidson  and  R.S.  Mansell.  1976.  Evaluation  of  a 

two-site  adsorption-desorption  model  for  describing  solute  transport  in 
soils.  Pages  444-448.  Proceedings  of  1976  Summer  Computer  Simulation 

Conference  In  Washington,  D.C.  during  July  12-14,  1976. 

10.  Salim,  H.M.  1987.  Prediction  of  phosphate  behavior  during  transport  in 

soils.  Proceedings  of  International  Conference  on  Impact  of  Physico- 

Chemistry  on  the  Study,  Da.tign  and  Optimization  of  Process  In  Natural 
Porous  Media  convened  In  Nancy,  France  during  June  10-12,  1987.  Pages 
293-301. 


189 

(The  reverse  of  this  page  is  blank.) 


SECTION  V 


THE  CHEMISTRY  OF  THE  HYPOCHLORITE  NEUTRALIZATION  OF  HYDRAZINE  FUELS 

Kenneth  L.  Brubaker 

Energy  end  Environmental  Systems  Division 
Argonnc  National  Laboratory 
9700  South  Cess  Avenue 
Argonne,  Illinois  60439 

ABSTRACT 

Neutralisation  of  hydrasine  fuels  with  hypochlorite  is  a  recommended 
procedure  for  the  treatment  of  fuel  spills  prior  to  disposal.  Various 
research  workers  have  shown,  however,  that  incomplete  reaction  of  hypochlorite 
with  the  methylated  hydrasine  fuels  monomethylhydrasine  and  unsymmetrical 
dimathylhydrasine  leads  to  a  wide  variety  of  byproducts,  including 
N-nitrosoalkylamines.  The  known  reaction  products  and  mechanisms  are  reviewed 
and  summarised. 

INTRODUCTION 

The  U.3.  Air  Force  uses  hydrasine  (N2H4),  monomethylhydrasine  (MMH), 
1,1-dimethylhydrasine  (unsymmetrical  dimathylhydrasine,  or  UDMH) ,  and 
Aerosine-30  (AE-30,  a  30-30  mixture  by  weight  of  hydrasine  and  UDMH)  in  a 
number  of  applications,  ineluding  auxiliary  power  units,  small  thrusters,  and 
space  vehicles  (1).  The  routine  handling  of  these  fuels  occasionally  results 
in  the  accidental  spillage  of  small  quantities,  and  their  toxic  nature  (1,2) 
dictates  that  they  must  be  treated  and  disposed  of  in  an  environmentally 
acceptable  manner. 

One  possible  approach  to  treatment  and  disposal  is  to  oxidise  the 
collected  fuel  prior  to  disposal.  The  oxidation  of  hydrasine  has  been  studied 
for  over  eighty  years  (1  and  references  therein),  and  more  recently  the 
oxidation  of  methylated  hydrasines  has  also  been  studied  (1,3-11).  If 
chemical  neutralisation  is  to  be  carried  out  by  base  personnel  however,  the 
oxidising  agent  should  be  cheap,  easy  to  obtain,  and  easy  to  use.  Ordinary 
household  or  commercial  hypochlorite  bleach  fulfills  these  requirements. 

The  use  of  hypochlorite  bleach  for  the  neutralisation  of  hydrasine  has 
been  recommended  by  Stauffer  and  Eyl  (12)  and  Marsh  and  Knox  (13),  and  for 
hydrasine  fuels  in  general  by  Hannum  (2).  However,  previous  studies  of  the 
oxidation  of  methylated  hydrasine  fuels  have  shown  that  a  wide  variety  of 


parti*!  oxidation  products  are  usually  formed.  There  is  therefore  reason  for 
concern  regarding  the  use  of  chemical  neutralisation  procedures  for  these 
fuels* 


Relatively  few  studies  using  hypochlorite  have  been  reported.  Castegnaro 
at  el*  (3)  have  evaluated  four  oxidative  methods,  including  hypochlorite,  for 
the  chemical  neutralisation  of  hydrasine  end  several  methylated  hydrasinas. 
Mach  and  Baumgartner  (7)  have  examined  the  products  of  the  reaction  between 
calcium  hypochlorite  and  UDMH.  Rianda  at  al.  (9,10)  studied  the  chlorinolysis 
of  MMH  and  UDMH  at  several  pHs,  including  alkaline  values. 

Recently,  an  investigation  was  undertaken  at  Argonne  National  Laboratory 
(ANL)  to  examine  the  byproducts  of  the  hypochlorite  neutralisation  of 
methylated  hydrasine  fuels  under  a  variety  of  conditions.  The  reaction  was 
found,  as  expected,  to  yield  a  considerable  number  of  organic  byproducts, 
including  N-nitrosoalkylamines.  This  paper  summarises  the  known  chemistry  of 
the  hypochlorite  oxidation  of  these  methylated  hydrasine  fuels. 

REACTION  PRODUCTS 

Product  analyses  for  the  hypochlorite  oxidation  of  one  or  more  methylated 
hydrasine  fuels  have  been  reported  in  several  studies  (3,7,9,10,14,13). 

UDMH.  Mach  and  Baumgartner  (7)  found  the  following  products  from  the 
oxidation  of  UDMH  with  Ca(C10)2  (HTH*)i  formaldehyde  methylhydrasone  (FMH) , 
formaldehyde  dimethylhydrasone  (FDH),  acetaldehyde  dimethylhydrasone  (ADH), 
dimethylformamide  (DMF)  and  tatramethyltatrasane  (TMT) .  Based  upon  the 
observed  changes  in  the  product  distribution  as  the  amount  of  Ce(C10)2  used 
was  varied,  they  suggested  that  the  initial  product  formed  is  primarily  FDH 
and  that  other  oxidation  products  are  the  result  of  the  further  oxidation  of 
FDH.  Mach  and  Baumgartner  looked  for  but  did  not  find  any  N-nitrosodimethyl- 
amine  (NDMA)  in  tho  product  mixture.  They  did  not  carry  out  similar 
experiments  for  MMH  or  AE-30. 

Brubeker  et  al.  (14)  reported  that  GC/MS  and  GC/FTIR  analysis  of  the 
reaction  mixture  following  oxidation  of  UDMH  with  aqueous  NaClO  revealed  90- 
100  compounds,  with  FDH  being  the  major  product.  Other  confirmed  products 
were  NDMA,  N,N-diraethyl cyanogen  (DMC),  DMF,  and  chloroform.  In  addition,  ADH 
and  formaldehyde  methylethylhydrasone  were  tentatively  identified  from  their 
mass  spectra.  The  observed  product  distribution  was  substantially  different, 
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however,  when  eolid  bleach  (HTH®)  was  used.  FDH  waa  no  longer  present,  but 
the  main  byproduct  found  was  instead  tentatively  identified  as  sym-tetrahydro- 
1,2,3,3-tetramethyltetrazine,  the  cyclic  dimer  of  FDH.  The  other  reaction 
products  found  in  the  liquid  bleach  experiment  were  also  found  in  the  solid 
bleach  run,  and  in  addition,  a  substance  tentatively  identified  as  FMH  was 
also  seen. 

In  the  NaClO/UDMH  experiments  carried  out  by  Brubaker  et  al.  (14),  the 
mole  ratio  of  evolved  gas  to  initial  fuel  ranged  from  zero  to  0.17,  and 
increased  to  0.30  when  solid  bleach  was  used.  Ho  analysis  of  the  evolved  gas 
was  carried  out,  but  most  of  the  reaction  products  clearly  remained  in 
solution  in  this  case. 

In  a  continuation  of  this  work,  similar  experiments  were  conducted  using 
NaClO  at  higher  hypochlorite/fuel  ratios.  Significantly  fewer  substances  were 
found,  and  FDH  was  present  at  substantially  reduced  levels.  A  higher  number 
of  chlorinated  compounds  were  also  seen.  These  observations  are  consistent 
with  the  initial  formation  of  FDH,  followed  by  further  oxidation.  In  one 
experiment,  in  which  a  UDMH  solution  was  added  to  bleach  rather  than  the  other 
way  around,  N-nitroaoethylmethylamine  (NEMA)  was  identified  in  addition  to 
NDMA  in  the  product  mixture. 

In  a  study  of  the  utility  of  different  methods  for  the  degradation  of 
chemical  carcinogens,  Castegnaro  et  al.  (3)  examined  the  use  of  NaClO  and 
Ca(C10)2  as  wall  as  KMnO^  and  KIO3  for  the  neutralisation  of  several  hydrazine 
fuels.  No  attempt  was  made  to  completely  characterise  the  products  from  their 
experiments,  but  both  NDMA  and  NEMA  ware  produced  from  UDMH  by  both  NaClO  and 
Ca(ClO)2>  The  percent  yields  found  using  NaClO  were  0.014Z  and  0.14%  for  NDMA 
and  NEMA,  respectively,  and  the  corresponding  yields  using  Ca(C10>2  were  0.05% 
and  0.014%. 

Rianda  et  al.  (9,10)  studied  the  chlorinolysis  of  aqueous  solutions  of 
several  hydrazine  fuels  at  a  variety  of  pHs,  including  alkaline  values  for 
which  the  chlorine  in  aqueous  solution  would  exist  primarily  as  hypochlorite 
ion.  Their  results  also  indicate  that  the  first  step  in  the  oxidation  of  UDMH 
is  the  production  of  FDH  and  TMT,  followed  by  further  oxidation.  Additional 
products  reported  include  CH3CI,  CHjC^,  CHCI3,  CCl^,  (CH-j  )2NN"CC12 , 
CHjN^NCClj,  CH3NCI2,  Cl2C"CCl2,  and  CI3C-CHCI2,  but  no  nitrosoamines  were 
reported.  Finally,  Rianda  et  al.  (10)  report  that  the  amount  of  N2  evolved 
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was  found  to  be  close  to  the  stoichiometric  amount,  in  contrast  to  the 
observations  of  Brubaker  et  al.  (14). 


MMH.  Brubeker  et  al.  (14)  reported  finding  a  very  complex  reaction 
mixture  following  the  oxidation  of  MMH  with  aqueous  NaCIO,  with  over  100  pfaks 
being  seen  in  the  total-ion  chromatogram  from  their  GC/MS  analysis. 
Unfortunately,  very  few  could  be  identified.  Chloroform  was  a  significant 
product,  but  the  largest  peak  was  found  to  be  NEMA,  and  another  large  peak  was 
identified  as  N-nitrosodiethylamine  (NDEA).  The  use  of  solid  bleach  gave  rise 
to  a  much  less  complicated  mixture,  with  approximately  30  peaks  in  the  total- 
ion  chromatogram.  Although  most  still  could  not  be  identified,  chloroform, 
NEMA,  and  NDEA  ware  found  to  be  present.  NDMA  was  never  found  to  be  a  product 
of  the  hypochlorite  oxidation  of  MMH. 

Measurement  of  the  evolved  gas  in  the  MMH  experiments  gave  a  mole  ratio 
of  gas/fual  of  0.7210.05  when  liquid  bleach  was  used,  and  approximately  0.92 
using  solid  bleach.  For  as  yet  unknown  reasons,  in  the  second  phase  of  their 
study,  Brubaker  and  coworkars  found  that  the  measured  gas /fuel  ratio  jumped  to 
1.3-1. 4.  The  only  apparent  difference  in  experimental  procedure  was  the  use 
of  a  smaller  quantity  of  fuel  (30  mL  of  approximately  2%  solution  instead  of 
500  mL)  and  a  smaller  reaction  vessel  (a  230  mL  flask  instead  of  a  2000  mL 
flask)  in  the  second  phase  of  the  study.  The  consistency  of  the  results 
within  each  phase  and  the  observation  that  the  gas  yield  in  phase  two  was 
almost  exactly  twice  whet  it  was  in  phase  one  suggests  thet  the  difference  is 
due  to  a  real  difference  in  reaction  mechanism,  resulting  perhaps  from 
differences  in  the  level  of  some  catalyst. 


Castegnaro  at  al.  (3)  found  that  both  NDMA  and  NEMA  are  produced  from  the 
oxidation  of  MMH  with  either  aqueous  NaCIO  or  solid  CatClO^.  Their  reported 
percent  yields  for  MMH  are  0.003%  for  NDMA  and  0.11%  for  NEMA  using  NaCIO,  and 
0.0005%  for  NDMA  and  0.014%  for  NEMA  using  Ca(C10)2.  No  attempt  was  made  to 
characterise  other  reaction  products. 

Etianda  et  al.  (10)  found  CH3OH,  CH-jCl  and  N2  to  be  the  main  products  of 
the  chlorinolysis  of  MMH  at  pHs  from  6  to  10,  with  the  N2  accounting  for  100% 
of  the  nitrogen  originally  present  in  the  fuel.  These  carbon-containing 
compounds  account  for  over  70%  of  the  carbon  initially  in  the  MMH.  No  mention 
is  made  of  the  presence  or  absence  of  any  minor  byproducts  except 
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AE-SO.  The  only  study  currently  Available  on  the  neutralization  of  AE-50 
with  hypochlorite  i>  the  work  of  Brubaker  and  coworkers  (14,15).  The  product 
mixture  was  considerably  less  complex  than  was  the  case  with  UDMH,  and  the 
overall  byproduct  concentration  was  substantially  less  as  well.  When  NaCIO 
was  used,  no  FDH  was  seen  at  all  but  the  substance  tentatively  identified  as 
its  cyclic  dimer  waa  a  significant  product.  Also  detected  were  chloroform, 
DMC,  DMF,  NDMA,  and  NEMA.  Many  byproducts  could  not  be  identified. 
Relatively  little  change  was  seen  in  the  reaction  products  when  solid  bleach 
was  used.  The  generally  lower  byproduct  concentration  is  consistent  with  the 
lower  UDMH  concentration,  the  mole  fraction  of  UDMH  in  AE-50  being  approxi¬ 
mately  0.35,  and  as  expected  many  of  the  same  byproducts  are  found  as  in  the 
UDMH  case.  The  absence  of  FDH  and  the  presence  of  HEMA  in  the  AE-50  product 
mixture  indicate  chat  the  presence  of  hydrazine  does  affect  the  course  of  at 
least  some  of  the  reactions  involved. 

Nitrosoamine  Formation.  The  formation  of  N-nitrosoalkylamines  from  the 
hypochlorite  oxidation  of  methylated  hydrazine  fuels  was  observed  by 
Castegnaro  et  al.  (3)  and  by  Brubaker  and  coworkers  (14,15),  but  not  by  Mach 
and  Baumgartner  (7).  The  conditions  employed  by  the  first  two  groups  were 
reasonably  similar,  but  differed  substantially  from  those  used  by  Mach  and 
Baumgartner.  The  overall  yields  of  nitrosoamines  found  by  Castegnaro  et  al. 
and  by  Brubaker  et  al.  ware  of  comparable  orders  of  magnitude,  0.1  to  0.01X, 
but  differences  in  the  relative  amounts  of  various  nitrosoamines  are 
apparent.  For  the  system  NaClO/MMH,  Castegnaro  et  al.  (3)  found  twenty  times 
as  much  NEMA  as  NDMA,  whereas  Brubaker  et  al.  (26)  found  no  NDMA  at  all,  but 
instead  found  comparable  amounts  of  both  NEKA  and  NDEA.  Similarly,  for  the 
system  NaClO/UDMH,  Castegnaro  et  al.  (3)  found  ten  times  as  much  NEMA  as  NDMA, 
but  Brubaker  et  al.  (15)  found  only  NDMA  present  under  normal  circumstances. 
In  the  system  NaC10/AE-50,  Brubaker  et  al.  (15)  found  NDMA  as  expected,  but 
also  somewhat  smaller  amounts  of  NEMA.  Both  groups  found  that  nitrosoamine 
levels  from  the  oxidation  of  methylated  hydrazines  were  increased  by  the 
presence  of  methanol. 

Brubaker  et  al.  (15)  found  that  nitrosoamine  formation  could  be 
completely  suppressed  by  acidifying  the  dilute  hydrazine  solution  to  a  pH  of  2 
prior  to  the  addition  of  hypochlorite.  They  also  found  that  nitrosoamine 
formation  is  an  increasing  function  of  temperature  over  a  range  from  -10°C  to 


44°C.  Finally,  in  one  experiment  dilute  UDMH  solution  was  added  to  aqueous 
NaCIO,  the  opposite  o£  the  procedure  used  in  their  other  experiments.  A 
slightly  larger  amount  o£  NDMA  was  found  than  normal,  and  NEMA  was  also  found 
at  a  level  about  half  that  of  the  NDMA.  This  was  the  only  UDMH  experiment  in 
which  NEMA  was  unambiguously  found. 

DISCUSSION 

The  exact  mode  of  the  initial  attack  of  hypochlorite  on  hydrazine  or  any 
of  its  methylated  analogs  has  not  bean  experimentally  determined.  It  is 
known,  however,  that  the  reaction  of  hypochlorite  with  primary  or  secondary 
amines  results  in  the  substitution  of  a  proton  by  chlorine  (16).  The  most 
fundamental  example  is  the  formation  of  chloramine  from  ammonia  and 
hypochlorite] 

NH3  ♦  CIO'  -  NH2C1  ♦  OH'  (1) 

It  seems  reasonable  to  suppose,  therefore,  that  the  initial  attack  results  in 
*‘he  formation  of  a  chlorohydrasinet 

R1R2N-NH2  ♦  CIO'  ■  R^N-NHCl  +  OH'  (2) 

whare  Rj_  and  R2  denote  H  or  CH3.  The  subsequent  chemical  evolution  of  the 
system  depends  on  the  fate  of  the  chlorohydrazine  formed  in  reaction  (2). 
Other  investigators  have  proposed  similar  initial  steps  in  related  systems. 
Overbcrger  and  Marks  (17)  suggested  the  formation  of  a  1,1-di substituted^" 
chlorohydrazine  as  the  initial  step  in  the  oxidation  of  1 , 1-diaubstitutad 
hydrazines  with  tert-butylhypochlorite,  and  Cram  and  Bradshaw  (18)  proposed 
the  initial  formation  of  RNH-NHBr  from  RNH-NH2  in  alkaline  bromine  solution. 

Monomethylhydraz ine .  The  most  likely  fate  of  the  proposed  chlorohydra- 
sine  intermediate  CH3NH-NHCI  is  loss  of  HC1  and  formation  of  methyldiazene 
(CHjN“NH).  Monosubstituted  alkyl  diazenes  of  this  type  have  been  detected  and 
studied  experimentally  (19  and  references  therein,  20,21). 

Methyldiazene  may  react  further  in  at  least  two  distinct  ways.  Kosower 
and  colleagues  (19)  observed  the  bimolecular  decay  of  monosubstituted  diazenes 
and  found  that  the  main  products  are  a  hydrocarbon  and  a  1 ,2-disubstituted 
hydrazine t 

2  CH3N-NH  CH4  +  CH3NH-NHCH3 


(3) 


Although  other  unidentified  products  are  also  formed.  The  detailed  mechanism 
for  reaction  (3)  is  not  known,  but  may  involve  free  radicals.  In  addition, 
the  substituted  diazene  may  be  oxidized  further  by  hypochlorite.  The 
following  sequence  seems  reasonable t 

CH3N«HH  +  CIO’  ■  CH3H-NCI  +  OH" 

CH3M«HC1  +  HjO  ♦  CH3OH  +  N2  ♦  HC1  (5) 

Methanol  was  found  in  651  yield  from  the  chlorinolysis  of  MMH  by  Rianda  et  al. 
(9,10),  in  support  of  the  above  hypothesis,  but  the  large  number  of  other 
byproducts  observed  by  Brubaker  at  al.  (14)  suggests  that  reaction  (5)  is  not 
the  only  possible  fate  for  1 -methyl -2-chlorodiazene.  Complex  products  would 
also  result  from  the  oxidation  of  CH3HH-NHCH3  (symmetric  dimethylhydrazine,  or 
SDMH)  produced  in  reaction  (3).  The  NEMA  and  NDEA  found  by  Brubaker  et  al. 
(15)  in  the  MMH  reaction  products  may  arise  in  this  way.  The  presence  of 
chloroform  and  other  chlorinated  products  suggests  also  that  one  or  more 
reaction  paths  involve  the  presence  of  free  radicals. 

Unsymmetrical  Dimethylhydrazine.  The  l,l-dimethyl-2-chlorohydrazine 
formed  in  reaction  (2)  is  also  believed  to  lose  HCl  to  form  a  reactive  diazene 
intermediate,  but  with  a  somewhat  different  structure  than  with  MMH: 

(ch3)2n-nhci  ♦  (ch3)2n-n  +  H+  +  Cl’  (6) 

1.1- diazsnes  of  the  type  shown  in  reaction  (6)  were  originally  proposed  by 
McBride  and  Kruse  (4),  and  their  chemistry  has  been  reviewed  by  Lemal  (22). 
In  aqueous  solution,  the  following  equilibrium  is  also  present  (22): 

(CH3)2N-N  ♦  H20  -  (CH3)2N-HH+  ♦  OH’  (7) 

Because  of  the  structural  difference  between  1,1-disubstituted  diazenes 
and  monosubstituted  diazenes,  their  respective  chemistries  are  significantly 
different.  A  common  oxidation  product  of  UDMH  is  TMT,  (CH3)2NNBNN(CH3)2 
(4,7,22).  TMT  is  formed  by  the  direct,  bimolecular  dimerization  of 

1.1- dimethyldiazene,  and  is  a  major  product  when  the  diazene  is  produced  in 
significant  concentrations.  At  lower  concentrations,  other  reaction  pathways 
are  favored  over  dimerization,  with  FDH,  (CH3)2N-NBCH2,  often  observed  as  a 
major  product.  At  least  two  possible  mechanisms  have  been  proposed  in  the 
literature  whereby  FDH  may  be  produced  by  the  oxidation  of  UDMH .  Mathur  and 
Sisler  (8)  suggested  the  following  reaction  sequence: 
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2(CH3)2N"N 


(8) 

(9) 

(10) 


(CH3)2K»HCH3f 
CH3M»H"  +  H+ 


(ch3)2h-nch3+  ♦  ch3n»n 
-  PDH  +  H+ 

-  ch4  ♦  n2 


In  aqueous  systems,  instead  of  raaction  (10),  the  species  CH3N«N  might 
hydrolyse  to  giva  methyldiazene  and  a  hydroxyl  ion.  An  altarnativa 
axplanation  ia  that  auggaatad  by  Banerjea  at  al.  (11)* 


<CH3)2N»HH*  ■ 

(ch3)(nh2)n»ch2+ 

(11) 

<CH3)(HH2)N-CH2+ 

+  H20  ♦  HCHO  +  MMH 

(12) 

UDMH  +  HCHO  * 

FDH 

(13) 

Tautoaara  of  tha  typo  formad  in  raaction  (11)  ara  baliavad  to  play  a 
significant  rola  in  tha  chamiatry  of  1,1-diazanas  (22).  Tha  formation  of  a 
hydratona  from  an  aldahyda  and  a  hydraaina  ia  wall-known  (16). 


Tha  chamiatry  that  datarminaa  tha  ultimata  mix  of  raaction  producta  ia 
quite  complax  and  poorly  undaratood.  Aa  in  tha  MMH  caaa,  tha  proaanca  of 
chlorinatad  producta  may  indicata  that  a  fraa  radical  machaniam  ia  involved, 
and  may  aleo  indicata  tha  involvement  of  Ct2,  at  laaat  at  tha  part-par-million 
laval . 

Nitroaoamina  Formation.  Tha  formation  of  nitroaoaminaa  at  tha  part-par- 
nillion  laval  from  MMH,  UDMH  and  AE-50  undar  a  variaty  of  conditions  is  an 
axtramaly  important  faatura  of  tha  chamiatry  of  hypochlorita  nautralisation  of 
hydraaina  fuals.  Tha  formation  of  NDMA  from  UDMH  may  involva  tha  nuclaophilic 
substitution  of  tha  chlorina  in  l,l-dimathyl-2-chlorohydrasina  by  a  hydroxyl 
group,  followad  by  subsaquant  oxidation  of  tha  hydroxyhydraaina  by 
hypochlorita* 

(CH3)2H-NHCl  +  OH”  -  (CH3)2N-NHOH  +  Cl”  (14) 

(CH3)2N-NHOH  +  CIO”  ■*  (CH3)2N-N-0  +  H20  ♦  Cl”  (15) 

Raaction  (14)  i w  analogous  to  tha  first  stap  in  tha  hydrolysis  of  chloramine 
(23),  and  raaction  (15)  seams  a  logical  next  stap  in  tha  presence  of 
hypochlorita.  This  mechanism  also  explains  tha  observed  suppression  of  NDMA 
formation  in  acidic  madia. 

Tha  formation  of  HEMA  and  NDEA  is  not  so  easy  to  explain,  since  it 
requires  tha  formation  of  carbon-carbon  bonds.  One  possibility  is  that  N2  is 
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split  out  from,  for  example,  1,5,5-trimethylformazan  to  form  acetaldehyde 
dimathylhydrazona,  which  may  undergo  further  oxidation  to  give  a  variety  of 
products* 

CH3H-NCH-N-N(CH3)2  *  N2  +  CH3CH-N-N(CH3)2  (16) 

The  foraasan  has  been  found  in  other  studies  as  a  product  of  UDMH  oxidation  in 
aqueous  systems  (3,11)  and  acetaldehyde  hydrazone  has  also  tentatively 
identified  as  a  reaction  product.  At  present,  the  mechanism  of  NEMA  and  NDEA 
formation  remains  unknown,  and  the  formation  of  NDEA  from  MMH  but  not  from 
UDMH  or  AE-30  and  the  formatior  of  NEMA  from  AE-30  but  not  UDMH  as  observed  by 
Brubaker  et  al.  (13)  remain  unexplained. 
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ABSTRACT 

IIT  Raaaavch  Inatituta  (XITRI)  conductad  a  aariaa  of  experiments  on  tha 
oaonation  of  vaatawatar  containing  hydraiina  fuala  (hyd ranine,  HZ;  monomathyl 
hydraaina,  MMHt  and  unsymmetrical  dimathyl  hydvaaina,  UDMH).  Exparimante  vara 
parformad  on  wastewater  containing  two  diffarant  concantrationa  of  hydraaina 
fuala  (3  wtX  and  300  ppm)  and  uaing  varloua  pH  lavala,  oaona  flow  rataa, 
ultraviolat  (UV)  radiation  Lavala,  and  matal  catalyata. 

Oaona/UV  traatmant  of  waatawatar  containing  hydraaina  fuala  waa  ahown  to 
ba  capabla  of  daatroying  tha  thraa  hydraaina  fuala,  thair  aaaociatad 
impuritiaa,  and  oxidation  products  including  dimothylnitroBamina  (DMNA)  to 
environmantably  accaptabla  lavala.  Tha  DMNA  concantration  waa  raducad  to 
balow  20  ppt,  yielding  a  "clean  solution"  free  of  appraciabla  concentrations 
of  any  harmful  apaciaa. 


202 


EXPERIMENTAL  APPARATUS 


Tha  experimental  apparatus  ia  ahown  in  Figure  1.  Pura  oxygan  from  a 
liquid  oxygan  Dawar  was  fad  to  a  Walahbach  04  oaonator  to  produca  about  3  wt% 
oaona  in  oxygan.  Tha  oaona/oxygan  a train  vaa  than  bubblad  through  tha  raactor 
containing  tha  aimulatad  wastewater  (hydraiina  fuels  in  daioniaad  watar).  Tha 
circulation  pump  took  liquid  from  tha  bottom  of  tha  raactor  and  ratumad  it  at 
tha  top,  thoroughly  mixing  tha  fual  in  tha  watar.  A  aampla  takan  aftar  tha 
pump  ran  for  savaral  minutaa  was  analysad  to  datarmina  tha  starting  concan- 
tration  of  hydraaina  fuals  in  tha  waatawatar.  Tha  oaona  ganarator  was  than 
turnad  on  and  osona/  oxygan  was  suppliad  to  tha  raactor.  Tha  circulation  pump 
was  kapt  on  during  tha  antira  traatmant  proeass.  Tha  pH  of  tha  waatawatar  was 
monitorad  continuously  and  automatically  adjusted  by  faading  caustic  solution 
or  nitric  acid  solution  to  tha  waatawatar. 


i 

i 
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The  effluent  gat  flowed  out  of  the  reactor  into  an  ice  water-cooled 


condenaer  to  condente  moisture  and  return  it  beck  to  the  reactor.  The  cooled 


get  atream  wet  then  peaaed  through  a  heated  alumina  catalytic  reactor  to 


decompose  the  asone  before  final  release  to  the  atmosphere.  Split  streams 


from  the  cooled  and  dried  gas  and  from  the  oaonator  output  were  sent  to  a 


Dasibi  osona  analyser,  Model  1003-HC,  where  the  gases  were  analysed  to 


establish  the  rate  of  osone  consumption  and  decomposition  in  the  reactor. 


The  UV  source  was  also  activated  when  needed.  The  UV  lamp  was  installed 


in  the  reactor  in  some  runs  as  shown  in  Figure  1.  In  other  runs  it  was 


Installed  in  a  separate  reactor  and  water  was  circulated  between  the  two 


reactors. 


EXPERIMENTAL  PROCEDURE 


EXPERIMENTS  CONDUCTED  WITH  HIGH  CONCENTRATIONS 
OF  HYDRAZINE  FUELS 


Five  pilot-scale  (20— L)  experiments  were  conducted  at  various  operating 


conditions  (Table  1)  to  investigate  the  feasibility  of  the  osone/UV  process 


when  the  hydrasine  fuels  concentration  was  about  3  wtZ< 


TABLE  1.  CONDITIONS  OF  PILOT  RUNS. 


Nominal  Fuel  Cone.,  wtX 
HZ  MMN  UDMH 


*Lov  pressure  UV  lamp;  electrical  input 
-  13.9  W,  UV  output  ■  1.9  W,  861  of  UV 
output  at  2573  A,  and  101  at  1890  A. 
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Tht  following  conditions  were  also  common  to  all  the  pilot-scale  runs: 
03/02  flow  ratet  14.7  L/minj  0j/02  concentration:  3  wtX}  pH:  9.5  ±0.1; 
liquid  volume:  20  L{  and  reactor  volume:  28  L.  All  runa  involving  UV  had 
air  in  the  annulus  surrounding  the  UV. 

EXPERIMENTS  CONDUCTED  AT  LOW  pH 

Five  more  bench-scale  experiments  (Table  2)  were  conducted  at  a  pH  of 
-2.3  to  investigate  whether  the  reaction  mechanisms  that  take  place  at  low  pH 
result  in  a  more  favorable  overall  destruction  of  DMNA.  One  bench-scale  run 
(B-S)  was  performed  at  similar  conditions  but  at  high  pH  for  comparison 
purposes.  Run  B-8  was  conducted  at  mixed  pH  conditions. 

TABLE  2.  EXPERIMENTAL  CONDITIONS  FOR  THE  FIVE  RUNS 
CONDUCTED  AT  LON  pH.* 


Run 

Ho. 

UV 

Used 

pH 

HZ 

Cone., 

wtX 

MMH 

Cone., 

wtX 

UDMH 

Cone., 

wtX 

B-3 

LPUVb 

9.5 

1 

3 

- 

B-6 

LPUV 

2.5 

1 

3 

B-7 

None 

2.3 

1 

3 

B-8 

Hone 

c 

1 

3 

- 

B-9 

LPUV 

2.5 

1 

3 

B-10 

LPUV 

2.5 

2 

- 

2 

B-U 

LPUV 

2.5 

1 

1 

1 

*In  all  the  experiments,  wastewater  volume  ■  1.25  L,  03/02  flow 
rate  ■  3  t/min,  Oj  concentration  ■  3  wtX. 

bLP  ■  Low  pressure  UV  lamp)  electrical  input  ■  13.9  W,  UV  output 
■  1.9  W,  86X  of  UV  output  at  2573  A,  and  10X  at  1890  A. 

CA  pH  of  about  2.5  was  maintained  for  the  first  1200  min)  it  was 
then  increased  to  9.3  and  maintained  at  this  value  for  the 
remainder  of  the  time. 


EXPERIMENTS  CONDUCTED  WITH  LOW  CONCENTRATIONS  OP  HYDRAZINE  FUEL 


Another  urlu  of  five  experiments  (B-24  through  B-27)  was  conducted  at 
low  hydras ina  fuel  concentrations  (Tabla  3). 


TABLE  3.  EXPERIMENTAL  CONDITIONS  FOR  THE  FIVE  RUNS 
PERFORMED  AT  LOW  HYDRAZINE  FUEL  CONCENTRATIONS. 


Waste- 

0,/0, 

water 

HZ 

MMH 

UDMH 

Plow2 

Run 

Vol. . 

Cone . . 

Cone . i 

Cone.. 

Rate.* 

No. 

L  pH 

ppm 

ppm 

ppm 

L/rain  3 

B-24  6 

9.3 

1700 

E 

B-2S  6 

b 

100 

] 

B-26  6 

b 

100 

] 

B— 27  6 

b 

- 

t 

• 

B-28  6 

b 

- 

« 

fOiona  coneantratlon  ia  3  wt%  unlaaa  atatad  otherwise. 
^Variable. 


DISCUSSION 

EXPERIMENTS  CONDUCTED  WITH  HIGH  CONCENTRATIONS  OF  HYDRAZINE  FUELS 

All  five  pllot-acala  runa  (P-1  through  P-3)  showad  tha  aama  pattern  of 
daatroylng  hydrasina  fuala.  Hydrasina  fual  daatructlon  in  Run  P-1  ia  ahovn  in 
Figura  2)  the  formation  and  daatructlon  of  DMNA  ia  shown  in  Figuraa  3  and  4. 
Oaonation  alone  or  with  UV  radiation  at  high  pH  daatroyed  all  three  hydrasina 
fuels  tasted,  their  associated  impurities,  and  oxidation  by-products  including 
DMNA.  Low  Levels  of  UV  radiation  did  not  improve  process  performance.  Tha 
design-  and  operation-limiting  parameter  was  the  destruction  of  DMNA.  not  the 
hydrasina  fuels.  When  we  conducted  experiments  on  a  synthetic  solution 
containing  pure  DMNA.  the  rate  of  DMNA  destruction  was  faster  than  when  the 
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DMNA  was  produced  from  oxonating  the  hydraxina  fuels*  Clearly,  other 
intermediates  in  the  product  mixture  participate  in  the  DMNA  production  and 


destruction  mechanisms. 


Oaonation  of  wastewater  containing  only  MMH  and  HZ  (Runs  4  and  5) 


resulted  in  significant  quantities  of  DMNA,  but  an  order  of  magnitude  lass 


than  when  UDMH  was  present  at  about  one-third  the  concentration  (Runs  1,  2, 


and  3).  The  concentration  of  osone  in  tha  raactor  affluent  stream  was  nearly 


aero  while  the  hydraaine  fuels  were  present,  but  increased  when  the  hydraainas 


disappeared  and  the  DMNA  concentration  was  reduced. 


Demand  for  NaOH  to  maintain  a  pH  of  -9.3  was  initially  high  but  gradually 


tapered  off.  On  the  average,  about  30  mL  of  23X  NaOH  was  needed  per  liter  of 


wastewater  containing  about  IX  of  each  of  the  three  hydraxines. 


EXPERIMENTS  CONDUCTED  AT  LON  pH 


Oaonation  at  low  pH  daatroyed  all  three  hydraaine  fuels  and  their  oxida¬ 


tion  products  including  DMNA.  The  rate  at  which  the  hydraaine  fuels  were 


destroyed  was  about  aix  times  slower  at  a  pH  of  -2.3  than  at  9.3.  However, 


the  concentration  of  DMNA  in  tha  wastewater  at  the  time  the  hydraxines  were 


destroyed  was  an  order  of  magnitude  less  than  that  during  treatment  at  high 


pH,  The  final  product  was  very  clean.  Chromatograms  of  the  final  sample  of 


wastewater  contained  virtually  no  nitrogen-bearing  compounds  (detection  limit 
-30  ppt).  Oxonating  tha  hydraaine  fuels  at  low  pH  (2.5)  and  than  shifting  to 


a  high  pH  (9.3)  did  not  improve  the  overall  performance  of  the  process. 


Because  the  hydraxines  are  basic  and  their  oxidation  products  are  acidic, 


HNO,  and  NaOH  were  added  to  maintain  a  pH  of  2.3  during  the  entire  treatment 


time.  This  increased  tha  volume  of  the  wastewater  about  19X. 
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Low  levels  of  UV  radiation  enhanced  the  rate  of  DMNA- destruction 
slightly,  but  had  no  significant  impact  on  the  oxidation  rate  of  the  hydrazine 
fuels.  UV,  however,  resulted  in  a  much  cleaner  final  product. 

EXPERIMENTS  CONDUCTED  AT  LOW  HYDRAZINE  FUEL  CONCENTRATIONS 

i 

Inn  B-24.  The  objective  of  Run  B-24  was  to  explore  the  trend  of  DMNA 
production  and  destruction  at  reduced  hydrazine  fuel  concentrations.  A  sample 
analysed  80  min  after  the  start  of  the  experiment  (the  estimated  time  for  the 
destruction  of  the  hydrasine  fuels)  had  28  ppm  of  DMNA.  In  previous  experi¬ 
ments  at  the  same  pH  but  a  high  fuel  concentration,  about  IX  of  MMH  converted 
to  DMNA.  Run  B-24  showed  only  a  C.36X  conversion,  suggesting  that  the 
apparent  net  percent  conversion  of  MMH  to  DMNA  may  depend  on  the  initial  MMH 
concentration,  among  other  variables. 

Run  B-23.  The  objective  of  Run  B— 23  was  to  generate  data  on  wastewater 
containing  lower  concentrations  typical  of  most  wastewater  expected  in  the 
field  and  using  an  osone/oxygen  flow  rate  typical  of  what  a  compact  mobile 
osonation  system  can  attain.  This  run  was  conducted  without  any  pH  control 
and  UV  to  serve  as  a  baseline  for  future  experiments. 

Initially,  the  conversion  of  fuel  to  DMNA  was  higher  in  the  low  concen¬ 
tration  experiments  than  in  experiments  at  high  pH  with  10,000  ppm  of  each 
fuel.  The  high  concentration  experiments  produced  about  2000  ppm  of  DMNA  from 
30,000  ppm  of  starting  hydrasinss  (Runs  1  and  2,  Table  1),  a  ratio  of  0.0867. 
In  Run  B-23,  the  ratio  was  30/300  or  0.167,  or  about  2.3  times  more,  possibly 
due  to  second  order  side  reactions  of  the  UDMK  that  were  not  producing  DMNA. 
These  reactions  would  be  favored  at  the  high  fuel  concentrations,  but  would 
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not  be  as  important  at  the  lower  concentrations.  Thus,  the  03  +  UDMH  +  DMNA 
reaction  is  more  dominant. 

The  decay  curve  of  DMNA  followed  the  same  path  as  observed  in  the  high 
concentration  experiments i  an  initial  fast  decay  followed  by  a  slower  rate  of 
destruction. 

The  pH  dropped  to  3  without  addition  of  acid.  Our  previous  experiments 
had  shown  that  lees  oeone  ie  needed  to  keep  the  solution  dosed  with  oaone  at 
low  pH.  For  treating  large  volumes  of  wastewater,  this  eliminates  the  need  to 
add  substantial  quantities  of  acid  or  base  to  change  or  maintaLn  the  pH  at  a 
selected  level,  and  also  significantly  reduces  the  salt  content  of  the  treated 
water. 

A  large  pH  change  occurred  as  the  hydraxines  were  depleted.  At  140  min, 
the  total  hydraeina  concentration  was  85  ppm,  and  the  pH  of  the  solution  was 
8.3.  At  247  min,  a  time  when  the  hydrasines  ware  significantly  depleted,  the 
pH  of  the  solution  was  3.5,  a  change  5  pH  units  in  100  min.  This  large  a 
change  over  a  short  period  of  time  could  provide  a  simple  means  of  monitoring 
hydrasine  decay. 

Without  UV,  the  reaction  produced  low  concentrations  of  DMNA.  However, 
the  chromatogram  of  the  final  sample  showed  other  peaks  larger  than  the  DMNA. 
This  experiment  was  therefore  repeated  with  UV  in  Run  B-26  to  determine  its 
effect  with  lower  starting  concentrations  of  fuel. 

Run  B-26.  A  3.3  watt  low  pressure  UV  lamp  was  used  in  a  side  arm 
reactor.  The  wastewater  circulated  through  the  reactor  showed  a  substantial 
improvement  in  the  overall  destruction  rate  of  the  hydrasine  fuels.  The  total 
time  required  to  destroy  the  hydrasine  fuels  to  below  ~3  ppm  was  about  60%  of 


that  obtained  in  Run  B-25  without  UV.  In  addition,  DMNA  fell  below  1  ppt  in 
700  min  aa  compared  to  1400  min  in  Run  B-25.  These  reaulta  atrongly  suggest 
chat  UV  had  a  major  impact  on  the  destruction  rates  of  the  hydrasine  fuels  and 
on  DMNA. 

Run  B-27.  The  objective  of  Run  B-27  was  to  investigate  the  production 
and  destruction  of  DMNA  resulting  from  ozonating  wastewater  that  contains  MMH 
but  no  UDMH  in  order  to  determine  the  desirability  of  separately  storing  and 
treating  wastewater  that  contains  UDMH. 

Run  B-27  was  conducted  under  the  same  conditions  as  B-26,  except  that  the 
wastewater  initially  contained  only  about  300  ppm  MMH.  The  MMH  fuel  was 
oxidized  to  below  detectable  limits  within  about  150  min.  During  ozonation  of 
such  low  MMH  concentrations  in  the  absence  of  UDMH,  there  was  no  net  produc¬ 
tion  of  DMNA  from  that  initially  present  in  the  starting  solution.  The  treat¬ 
ment  process  can  be  completed  in  a  few  hours  depending  upon  the  rate  at  which 
oaone  was  supplied  to  the  reactor.  Therefore,  when  storage  facilities  are 
available,  wastewater  containing  low  concentrations  of  MMH  and  no  UDMH  should 
be  stored  and  treated  separately. 


CONCLUSIONS 

The  osone/UV  treatment  of  wastewater  containing  hydrazine  fuels  is 
capable  of  destroying  the  three  hydrazine  fuels,  their  assoeieted  impurities, 
and  oxidation  products  including  DMNA  to  environmentally  safe  levels.  The 
process  can  treat  the  DMNA  to  below  20  ppt,  yielding  a  '  in  solution"  free 
of  appreciable  concentrations  of  any  harmful  species.  The  usone/UV  process  is 
expected  to  meet  more  stringent  future  regulations  without  requiring  secondary 
treatment  or  major  modifications.  The  key  operational  parameters  of  the 
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oson«/UV  treatment  process  ere  dependence  on  pH,  the  presence  o£  metal  ions  in 
solution)  the  osone  supply  rate  to  the  reactor!  and  the  UV  radiation  level. 

DDHD0KSK  ON  pH 

The  data  on  pH  effects  on  osonolysis  were  obtained  primarily  using 
wastewater  containing  high  concentration*  (-30,000  ppm)  of  hydrazines.  The 
oxidation  of  the  fuels  is  faster  under  basic  than  acid  conditions  (optimum  pH 
■  9.3).  However,  substantial  amounts  of  DMNA  are  produced  from  UDMH  at  high 
pH  and  o  lesser  amount  from  MHH.  Although  DMNA  is  destroyed  with  osone,  its 
rate  of  destruction  decreases  when  its  concentration  reaches  the  sub-ppm 
range.  The  final  treated  solution  containing  100  ppt  of  DMNA  or  less  also 
contains  several  other  compounds  having  similar  or  even  higher  concentrations. 
Because  of  its  instability  at  high  pH,  higher  concentrations  and  flow  rates  of 
osone  are  required  to  maintain  the  desired  concentration  in  the  liquid  waste- 
water.  Therefore,  the  osone  requirements  of  the  treatment  process  are  high  at 
high  pH. 

Treatment  of  the  hydrasine  fuels  under  acidic  conditions  (pH  ■  2.5) 
proceeded  at  a  slower  rate  with  less  net  production  of  DMNA.  No  net  produc¬ 
tion  of  DMNA  was  observed  during  treatment  of  wastewater  containing  about 
300  ppm  MMH  and  no  UDMH.  The  total  time  required  to  treat  the  fuels,  the 
DMNA,  and  other  osidation  products  was  about  the  same  at  both  pH  levels.  When 
UV  was  added,  the  process  produced  a  much  cleaner  treated  solution  relatively 
free  of  other  constituents. 

Maintaining  a  selected  pH  required  the  addition  of  NaOH  or  HNOj, 
increasing  the  wastewater  volume  and  the  concentration  of  soluble  salts.  Our 
experiments,  using  low  concentrations  of  hydrazine  fuels,  showed  that  the  same 
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process  performance  can  be  achieved  by  allowing  the  pH  to  drop  under  the 
influence  of  the  oxidation  products.  The  pH  of  fuels  containing  wastewater  is 
about  9-11.  Oxidation  of  the  fuels  produces  organic  acids  which,  together 
with  the  reduction  in  fuel  concentration,  lower  the  pH.  Without  pH  adjust¬ 
ments,  the  pH  could  rapidly  fall  to  below  3.  The  performance  of  such  a 
process  was  vary  similar  to  what  was  observed  when  the  pH  was  initially 
raducad  to  2.3.  Therefore  when  treating  wastewater  containing  a  few  hundred 
ppm  of  fuels,  no  pH  adjustment  is  required. 

DEPENDENCE  ON  THE  PRE8EMCE  OF  METAL  IONS  IN  SOLUTION 

Metal  ions  in  solution  catalyse  the  oxidation  of  the  fuels.  In  addition, 
DMNA  and  metal  ions  form  complex  compounds.  As  DMNA  concentration  in  solution 
drops  during  treatment,  additional  DMNA  is  released  into  solution,  resulting 
in  a  slower  "apparent"  destruction  rate.  The  presence  of  metal  ions  in 
solution  may  also  catalyse  DMNA,  producing  side  reactions.  However,  it  is 
impractical  and  almost  impossible  in  the  field  to  preclude  trace  amounts  of 
metal  ions,  especially  iron,  in  wastewaters.  The  low  pH  that  results  from  the 
oxidation  of  the  hydrasine  fuels  causes  some  corrosion  of  even  316  stainless 
steel.  The  wastewater  generated  by  cleaning  spills  and  washing  empty  fuel 
tanks  also  contains  some  metal  ions. 

Therefore,  design  and  operation  parameters  should  be  developed,  taking 
into  consideration  that  metal  ions,  especially  iron,  will  be  present.  The  use 
of  expensive  glass-  or  Teflon-lined  reactors  is  not  economical  and  will  not 
solve  the  problem  completely. 


DEPENDENCE  01  THE  OZONE  SUPPLY  BATE  TO  THE  REACTOR 


The  oxidation  rata  of  tha  hydracina  fuals  it  dapandant  on  tha  rata  at 
which  oiona  ii  auppliad  to  tha  reactor.  Tha  time  it  takas  to  dastroy  tha 
fuais  can  thus  ba  ahortanad  if  tha  supply  rata  of  oxona  is  increased.  As  tha 
fuals  disappaar  and  tha  concentration  of  tha  oxidation  products  is  raducad  to 
tha  ppm  Laval,  hovavar ,  tha  demand  for  osona  decreases,  aspacially  whan 
operating  at  Low  pH.  At  a  given  oaona  concentration  in  the  stream  supplying 
the  reactor,  tha  concentration  in  tha  reactor  affluent  stream  is  govarnad 
primarily  by  tha  oaona  decomposition  rata  as  it  goes  through  tha  reactor. 

(The  rata  at  which  oaona  is  consumed  in  tha  reaction  at  tha  later  stages  of 
tha  treatment  process  is  negligible.)  Tha  oxona  decomposition  rata  is 
enhanced  by  UV  radiation. 

Tha  concentration  of  osona  in  tha  affluent  stream  datarminas  tha  osona 
concentration  in  tha  liquid  since  tha  two  quantities  are  related  by  Henry's 
Law,  and  its  concentration  in  solution  is  what  influences  tha  reaction  rata. 
Ideally,  tha  flow  rata  should  ba  high  enough  to  give  near  saturation  of  tha 
water  with  oaona  corresponding  to  tha  inlet  oaona  concentration. 

Practically,  the  oaona  production  facility  must  ba  carefully  designed, 
taking  into  considaration  not  only  tha  reaction  ratas  but  also  tha  economics 
of  procuring  and  operating  tha  oxonator  system,  as  wall  as  total  osona 
decomposition.  Siaa  constraints  and  quantities  of  waste  to  be  treated  must 
also  ba  factored  into  tha  final  decision. 


DEPEVDEMCE  OH  THE  UV  BADIATIOM  LEVEL 


Irradiating  wastewater  containing  high  concentrations  of  hydrasines  with 
low  lavals  of  UV  did  not  iaprova  tha  decay  rates  of  the  hydrasina  fuels  or  the 
DMHA.  However,  tha  UV  did  reduce  tha  concentration  of  other  compounds  present 
in  the  final  product  and  so  helped  generate  a  cleaner  final  product.  UV 
radiation  also  noticeably  reduced  the  time  required  to  destroy  tha  hydrasina 
fuels  when  their  initial  concentration  was  low  (~300  ppm),  and  reduced  the  net 
production  of  DMNA.  The  UV  was  thus  beneficial  in  reducing  the  total  treat¬ 
ment  time,  resulting  in  less  osone  consumption  and  more  effective  use  of  the 
treatment  hardware.  Increasing  the  radiation  lavel  further  improved  the 
performance  of  the  treatment  process.  Turning  off  the  UV  source  during 
portions  of  tha  treatment  time  increased  tha  concentration  of  soma  compounds 
in  the  final  product. 

The  treatment  system  should  therefore  include  a  UV  reactor  that  is 
energised  continuously  during  the  entire  treatment  time.  The  UV  radiation 
level  should  be  determined  based  on  its  effect  on  the  process  performance, 
capital  and  operating  cost,  and  physical  sis*  requirements. 


MODELING  THE  OZONOLYSIS  OF  HYDRAZINES  WASTEWATER 
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ABSTRACT 


Modeling  of  the  ozonolyais  of  wastewaters  containing  hydrazine 
propellants  is  described.  Destruction  of  the  hydrazines  is  rapid  and 
leads  to  the  production  of  intermediates,  some  of  whioh  help  to 
destroy  the  hydrazines  themselves.  The  rate  limiting  process  in  the 
overall  ozonolyais  treatment  is,  however,  the  destruction  of  dimethyl 
nitrosamine  (DMNA) ,  a  potent  animal  carcinogen  produced  during  the 
ozonolyais  of  the  hydrazines.  The  data  indioate  that,  especially  at 
low  ( <  Ippm)  DMNA  concentrations,  this  process  involves  the  slow 
conversion  of  another  intermediate  to  DMNA  whioh  is  then  rapidly 
destroyed  by  ozone. 


INTRODUCTION 

Numerous  sohemes  have  been  proposed  for  the  chemical  treatment  of 
wastewaters  containing  hydrazine  propellants  (see  for  example 
Referenoe  1).  These  treatments  whioh  include  aeration,  oxygenation, 
chlorination  and  hydrogen  peroxide  treatments,  among  others,  have 
been  auooeasful  to  varying  degrees.  Most  studies  however,  have 
focused  only  on  the  destruction  of  the  hydrazine  propellants,  and 
have  paid  little  heed  to  intermediates  or  side  products  formed  during 
the  treatment.  The  consequences  of  such  neglect  can  be  significant. 
In  the  case  of  the  copper  catalyzed  hydrogen  peroxide  treatment  of 
unsymmetrioal  dimethylhydrazine  (UDMH),  it  has  been  shown  that 
copious  quantities  of  dimethyl  nitrosamine  (DMNA) ,  a  known  animal 
carcinogen,  are  formed  (Reference  2). 
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Ozonolysis  of  hydrazine  fuels  wastewater  have  been  shown  to  be  an 
effective  treatment  by  the  Illinois  Institute  of  Technology  Research 
Institute  (IITRI,  Reference  3).  Although  intermediates ,  including 
DMN'A,  are  formed  during  the  treatment,  these  are  destroyed  by 
continued  ozonolysis,  Here  the  ozonolysis  of  hydrazines  wastewater 
is  disoussed,  particularly  with  regard  to  the  IITRI  data,  with  an  eye 
to  modeling  the  waste  treatment. 

OZONOLYSIS  OF  HYDRAZINES 

The  IITRI  data  led  to  the  following  observations  regarding 
ozonolysis  of  hydrazines  fuels  wastewater  in  alkaline  solution:  1) 
Fuel  destruction  rates  were  limited  by  the  rate  of  ozone  input,  2) 
while  destruction  was  rapid,  observed  "rate  constants"  were  five  to 
six  orders  of  magnitude  lower  than  the  true  kinetio  rate  constants 
( 107-10#  1/mole  min)  as  measured  using  stopped-flow  techniques  in  our 
laboratory,  and  3)  initial  mole  ratios  of  fuel  to  ozone  consumption 
were  about  2-5,  this  ratio  decreasing  to  less  than  unity  and 
approaching  zero  as  the  ozonolysis  proceeded.  Acidic  ozonolysis  led 
to  similar  observations  exoept  that  initial  destruction  rates  were 
slightly  lower  and  the  initial  fuel  to  ozone  consumption  molar  ratio 
did  not  exoeed  unity. 

These  observations  suggest  the  following  generalized  reaction 
soheme  for  ozonolysis  of  the  hydrazines  fuels: 

ki 


F  +  Oi  — 

kt 

•  n  I 

(1) 

(2) 

F  +  I  “ 

1,1'  +  Oj  ■ 

ki 

-»■  Products 

(3) 

where  F  is  hydrazine  (HZ),  monomethyl  hydrazine  (MMH)  and/or  UDMH  and 
I  and  I'  are  unspecified  intermediates.  Here  the  value(s)  of  ki  are 
not  true  kinetic  rate  constants(s)  but  include  mass  transport 
considerations  involving  ozone  diffusion  out  of  an  Oj-Oa  gas  bubble 
(3X  Oa  in  Oa  1b  typically  bubbled  through  the  fuels  solutions)  and 
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reaction  in  the  aqueous  phase  (reaction  may  also  occur  in  the  gas 
phase).  It  oan  be  shown  that  for  a  limiting  reagent  (Os)  being 
bubbled  through  a  high  conoentration  solution  (hydrazines),  that 
virtually  all  of  the  Os  will  be  consumed  until  the  fuel(s) 
oonoentration(s)  drops  to  oertain  low  values,  the  latter  dependent  on 
the  bubble  size  and  residence  time  in  the  reactor,  after  whioh  the 
ozone  concentration  in  the  effluent  gas  bubble  will  rapidly  inorease. 

The  model  described  above,  assuming  total  Os  consumption  until 
experimental  breakthrough  (Os  in  effluent  gas  from  the  reactor)  is 
observed,  described  alkaline  ozonolysis  of  the  hydrazines  quite  well, 
An  example  is  shown  in  Figure  1  for  ozonolysis  of  an  alkaline 
solution  containing  3%  MMH  and  1%  HZ.  Here  (ks  are  in  units  of 
1/mole. min)  ki  =  500(h*dH) •  ki  =  200  (HZ)  and  ka  =  0.02,  ks  =  7  and  n 
=  3.6  (for  both  MMH  and  HZ).  It  will  be  noted  that  the  model 
describes  the  hydrazines  destruction  quite  well  over  more  than  four 
orders  of  magnitude  in  oonoentration  and  mimios  the  ozone  profile  in 
the  effluent  gas  stream  as  well . 

Similar  results  were  obtained  for  other  alkaline  ozonolysis  data. 
Application  of  the  model  to  aoidio  ozonolysis  was  moderately 
successful,  but  did  not  fit  the  data  as  well  as  in  the  former  case. 
Better  fits  of  aoidio  ozonolysis  would  probably  require  consideration 
of  the  facts  that  the  hydrazines  are  protonated  in  aoidic  solution 
and  direct  attack  of  ozone  on  the  protonated  speoies  occurs  at 
considerably  slower  rateB  than  the  ozone  attack  on  the  unprotonated 
hydrazines . 

At  about  this  point  in  time  it  was  realized  that  ozonolysis  of 
DMNA,  produced  as  an  intermediate  during  ozonolysis  of  MMH  and  UDMH 
was  really  the  rate  limiting  step  in  the  overall  treatment. 
Consequently,  efforts  were  directed  toward  the  ozonolysis  of  DMNA. 

OZONOLYSIS  OF  DMNA 

Ozonolysis  of  aqueous  solutions  containing  and/or  UDMH  led  to 
rapid  production  of  DMNA  (Reference  3).  As  the  fuels  concentrations 
approached  zero,  the  DMNA  concentration  peaked  and  then  rapidly 
decreased  to~lppm  or  Iobs,  after  which  the  DMNA  destruction 
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(o)  ZH/(v)  H«m  (Mdd) 


100,000 


3 


Figure  1 .  Ozonolysis  of  a  3%  MMH  +  IX  hydrazine 
solution.  Experimental  data  are: 

WH  ( A  ) ;  HZ  (0);  03  (O).  Solid  and 
dashed  curves  are  model  calculations. 
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continued  at  a  slower  rate.  Additional  exprriinents  with  ozonolysis 
of  aqueous  solutions  of  pure  DMNA  led  to  rapid  destruction  without 
the  slowdown  at  <,  lppm.  In  the  latter  experiments  the  rate  constant 
for  DMNA  destruction  was  ~300  1/mole  min,  which  compared  favorably  to 
the  value  observed  for  gas  phase  ozonolysis  of  DMNA  of  £  200  1/mole 
min  (Reference  4).  These  observations  suggest  the  scheme  for 
production  and  destruction  of  DMNA  as: 

P  +  Oi-»N  (fast)  (4) 

F  +  Oj—  X  (fast)  (5) 

followed  by  (once  the  hydrazine  fuels,  F  are  destroyed) 

N  +  Oj  -—••■Products  (fast)  (6) 

X  +  Oi— •»N  (slow)  (7) 

where  N  is  the  DMNA  concentration  and  X  an  unspecified  intermediate. 
Reactions  (4)  nd  (5)  may  actually  involve  several  steps  each. 
Reactions  (6)  and  (7)  are  the  dominant  reactions  involving  DMNA,  onoe 
the  hydrazine  fuels  are  destroyed. 

Reaction  (6)  is  simply  the  ozonolysis  of  DMNA  whioh  should  ocour 
at  the  same  rate  aa  ozonolysis  of  pure  DMNA.  In  foot,  the  rate  of 
destruction  of  DMNA  observed  during  the  fast  portion  of  decay  after 
the  hydrazines  are  dertroyed  is  approximately  3-5  times  slower.  This 
is  titost  likely  due  to  competition  for  the  ozone  between  DMNA  and 
other  ozone  consuming  intermediates  whioh  have  been  shown  by  IITRI  to 
be  present  in  tho  reaction  mixture. 

Reaction  ( 7 ) ,  the  slow  production  of  DMNA  from  ozonolysis  of  X 
(the  latter  DMNA  then  destroyed  via  reaction  6)  could  then  result  in 
the  observed  slowdown  of  DMNA  destruction  at  <  lppm. 

Kinetioally  we  may  write,  for  reactions  (6)  and  (7) 
dN 

-  =  k7(X)(Oj)-k*(N)(Oj)  (8) 

dt 

Assuming  a  constant  ozone  concentration,  which  is  approximately 
true  a  short  time  after  the  hydrazine  fuels  have  been  destroyed,  this 
equation  may  be  integrated  to  yield 
N  +  Aoexp(-k'tt)  +  Boexp(-k'«t) 


(9) 


where  k  'e=k«(03 ) ,k' 7sk? (o 3 ) (  A0=k  Sxo/(k ' r-k' « ) ,  B0=N0-Ao  and  M0  and 
Ao  are  the  concentrations  of  DMNA  and  X  extrapolated  to  t=o. 

This  simple  model  fit  all  of  the  data,  whether  from  alkaline  or 
acidic  ozonolysia  experiments,  exceedingly  well.  An  example  is  shown 
in  Figure  2  for  an  alkaline  ozonolysis  experiment  where  time  axis  has 
been  shifted  (t=o  here  is  actually  -  3600  min  after  the  start  of 
ozonolysis  of  a  IX  HZ  plus  1%  MMH  solution)  to  take  t=o  as  the  time 
the  ozone  concentration  approaches  a  constant  value.  Note  the  good 
agreement  between  the  experimental  data  points  (oiroles)  in  the 
figure  and  the  model  fit  (solid  curve  fitting  equation  9  to  the  data 
using  non-polynomial  least  squares  fitting  techniques)  over  some 
seven  orders  of  magnitude  in  DMNA  concentration. 

The  key  provision  of  this  model  is  that  reaction  (7) ,  the  slow 
oxidation  of  an  intermediate  to  DMNA,  is  the  step  that  makes  the 
overall  destruction  of  DMNA  the  rate  limiting  process  in  the 
ozonolysis  of  the  hydrazine  fuels.  It  also  suggests  there  should  be 
an  intermediate  in  the  reaction  mixture  that  decays  at  the  same  rate 
as  DMNA  during  the  slow  portion  of  the  DMNA  destruction. 

Indeed,  examination  of  the  IITRI  gas  ohromatographio  data  from 
these  experiments  indicated  that  just  such  an  intermediate  does 
exist,  having  a  retention  time  of  24  el  min  on  the  columns  they  used, 
An  example  is  shown  in  Figure  3,  The  circled  points  in  that  figure 
are  the  DMNA  data,  the  solid  curve  the  model  fit,  the  triangular 
points  the  intermediate  at  24  e 1  min  and  the  dashed  line  a  least 
squares  exponential  fit  of  the  triangular  points.  The  least  squares 
slope  for  the  slow  portion  of  the  DMNA  decay  in  Figure  3  (It '7  in 
equation  9)  is  7.7x10**  min*1,  while  the  least  squares  slope  for  the 
intermediate  is  8.6x10-*  min*1.  Similar  agreement  was  observed  in 
the  only  other  experiment  for  which  detailed  data  were  available, 
12.4x10**  min  *‘  versus  10.7x10**  min  *l,  respectively.  As  yet,  the 
24  1  min  intermediate  has  not  been  identified. 

CONCLUSION 

Simple  models  have  been  derived  that  desoribe  the  ozonolysis  of 
aqueous  solutions  of  hydrazines  fuels,  and  especially  the  ozonolysis 
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Figure  2.  Destruction  of  DMNA  during  ozonolysis  of 
&  IX  MMH  *  IX  hydrazine  solution.  Open 
oircles  are  experimental  data;  solid 
curve  is  a  model  fit. 
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of  DMNA,  produced  as  an  intermediate  in  the  treatment  process,  quite 
well  over  many  orders  of  magnitude  in  concentration.  The  models 
indicate  that  the  overall  rate  limiting  step  in  the  treatment  process 
occur 8  after  all  of  the  fuels  have  been  destroyed  and  the  DMNA 
concentration  reduoed  to  1  lppm.  This  step  involves  the  slow 
conversion  of  an  as  yet  unidentified  intermediate  to  DMNA, 
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ABSTRACT 

The  viability  of  a  hazardous  waste  disposal  system  based  on  ozone  oxidation  of 
hydrazine  fuels  at  low  aqueous  concentrations  In  the  presence  of  ultraviolet 
light  (UV  0  2.537  x  10"7  m  or  8.324  x  10“7  ft)  excitation  has  been  Investi¬ 
gated.  Important  parameters  Investigated  Include  temperature,  solution  pH,  and 
ultraviolet  light  power.  Statistically  relevant  experimentation  was  done  to 
estimate  main  factor  affects  on  performance.  The  best  available  chemical 
analysis  technology  was  used  to  evaluate  the  performance  of  the  system. 

INTRODUCTION 

BACKGROUND 

White  Sands  Test  Facility  (WSTF)  currently  uses  chlorine  oxidation  as  the 
disposal  method  for  dilute  concentrations  of  waste  hydrazine  fuels.  This 
process,  however.  Is  not  a  totally  effective  method  because  It  creates  par¬ 
tially  oxidized  compounds  and  chlorinated  and  cyclic  hydrocarbons,  which  In 
some  cases  are  more  hazardous  than  the  waste  hydrazine  fuels.  In  addition, 
this  process  Is  unsatisfactory  because  of  the  fact  that  the  process  Is  carried 
out  In  open  tank  reactors,  allowing  volatile  hydrocarbons  to  escape  to  the  open 
air.  Because  of  the  concern  over  this  Inadequate  disposal  method,  the  "Mono- 
methyl  hydrazine  (MMH)  Fuel  Neutralization"  project  was  Initiated.  The  project 
was  Initially  funded  by  the  Directors'  Discretionary  Fund  (DDF).  The  DDF  Is 
Implemented  with  center  funding  when  a  vital  project  Is  unable  to  receive 
outside  financing.  Subsequent  funding  was  obtained  from  sources  devoted  to 
solving  environmental  problems.  Monomethyl  hydrazine  was  selected  as  the  test 
hyarazlne,  for  the  matrix  optimization  experimentation,  since  the  large 


majority  of  WSTF  hazardous  waste  contains  this  fuel  as  a  constituent  because  of 
the  Space  Shuttle  engine  testing  programs.  This  project  was  created  to  study 
the  problem  In  two  phases.  Phase  1  was  Implemented  by  the  WSTF  chemical 
laboratory  to  evaluate  viable  methods  of  hydrazlne(s)  disposal.  The  NASA  test 
report,  TR-382-001,  "Oxidation  of  Aqueous  Solutions  of  Hydrazine,  Monomethyl- 
hydrazine,  and  Unsymmetrical  Dimethyl  hydrazine  (UDMH)  by  Ozone  and  Peroxydl- 
sulfate"  Indicated  the  ozone/ultraviolet  (UV)  photo-oxidation  (Reference  11) 
process  was  the  preferable  disposal  method.  Phase  2,  the  design,  construction, 
and  evaluation  of  a  pilot  scale  reactor  based  on  the  ozone/UV  process,  has  been 
completed.  This  report  Is  designed  to  give  a  concise  overview  of  the  findings 
of  the  phase  two  experimentation.  A  NASA  test  report,  TR-469-001,  "Pilot  Plant 
Study  of  MMH  Neutralization  by  Ozonation"  (In  print),  will  cover  the  experi¬ 
mentation  In  greater  detail. 

PURPOSE 

The  focus  of  this  experimentation  was  to  create  an  Environmental  Protection 
Agency  non-regulated  hazardous  waste  (Reference  3)  disposal  process  for  hydra¬ 
zine  propel lant(s)  as  the  hazardous  constituent,  and  to  prove  the  effluent  from 
the  reactor  meets  all  EPA  and  state  regulations  using  the  best  available 
analytical  chemistry  methods,  prior  to  discharging  It  to  grade. 

SYSTEM  DESCRIPTION 

The  ozone/UV  pilot  plant  Is  made  up  of  several  subsystems,  Fig.  1.  The  first 
subsystem  consists  of  a  Welsbach  Ozone  Systems  T-408  ozonator  which  Is 
guaranteed  to  produce  at  least  eight  grams  of  ozone  per  hour  at  a  concentration 
of  no  less  than  two  percent  by  weight  (wtX)  when  using  MIL-0-27210E  grade 
bottled  oxygen  flowing  at  5.S64  x  IQ"5  M3/s  (0.1125  ft3/m1n).  A  Brlnkmann 
constant  temperature  bath  Is  used  to  lower  the  operating  temperature  of  the  T- 
408  ozonator  to  approximately  287.15  K  (491.67°R),  to  Increase  the  ozone 
production  to  approximately  2.75  wtt  at  an  oxygen  flowrate  of  6.666  x  IQ”5  M3/s 
(0.1413  ft3/m1n).  An  In-line  drier  Is  installed  between  the  ozonator  and  the 
oxygen  source  to  prevent  moisture  contamination.  The  second  subsystem  consists 
of  the  reactor  and  related  hardware.  The  reactor  Is  a  modified  spray  tower 
using  six  (6)  spray  nozzles  capable  of  flowing  6.308  x  10-5  M3/s  (0.1337 


ft^/mln)  at  790828.9  N/M2  (114.696  psia),  Fig.  2.  The  liquid  is  introduced 
Into  the  reactor  as  a  finely  divided  spray  with  a  residence  time  of  appro¬ 
ximately  14-seconds.  The  ozone  Is  injected  through  sparging  tubes  at  the 
bottom  of  the  reactor  countercurrent  to  the  Incoming  liquid  spray.  Twenty-three 
(23)  General  Electric  Germicidal  Lamps, model  G30T8,  rated  at  an  average  output 
of  6.6  Watts  of  UV  light  at  a  wavelength  of  2. 537  x  10“7  m  (8.324  x  10"7  ft), 
are  mounted  horizontally  Inside  the  reactor  chamber  for  a  total  of  151.8  W 
(517.9  BTU/H) ,  Fig.  2.  The  UV  lights  are  mounted  through  the  sides  of  the 
reaction  chamber  using  a  50  derometer  UV  and  ozone  stabilized  EPDM  rubber 
grommet  with  an  overcoat  of  GE  RTV  #108  clear  silicone  rubber.  All  other 
exposed  surfaces  Inside  the  reactor/spray  chamber  are  316S  stainless  steel  to 


Figure  2.  Ozone/UV  Reactor  Interior 

reduce  oxidation.  Underneath  the  reactor  Is  a  sump  tank  which  holds  the  bulk 
of  the  fluid.  A  12.2  m  (40  ft)  vent  stack  with  a  mist  eliminator  extends  above 
the  reactor.  The  process  fluid  Is  circulated  from  the  sump  tank  by  a  pump, 
through  a  heat  exchanger,  to  the  spray  nozzles,  through  the  reactor  and  over 


the  UV  lights,  and  back  to  the  sump  tank.  Fig.  3.  The  sump  tank  also  has  a 
fuel  and  water  Inlet  line  to  allow  for  Initial  charging  of  the  system.  For 
each  trial  the  tank  Is  filled  with  approximately  1.325  x  10"1  M3  (4.68  ft3)  of 


Figure  3.  Ozone/UV  Pilot  Plant  Reactor 

deionized  water,  JSC-SPEC-C-20C.  A  Signet  microprocessor  pH  meter  and 
controller  maintains  the  pH  of  the  basic  hydrazine  solution,  to  +  0.5  pH,  by 
Injecting  a  two  normal  caustic  solution  of  sodium  hydroxide,  2N  NaOH.  Beneath 
the  whole  assembly  Is  a  secondary  containment  system,  an  aluminum  catch  basin, 
to  retain  liquid  In  case  a  spill  occurs  or  a  leak  develops.  The  third 
subsystem  consists  of  the  electrical  hardware.  The  systems'  control  console, 
Fig.  4,  features  the  UV  light  control  panel  and  Indicator  assembly,  the  PCI 
Ozone  Corporation  In-line  ozone  monitors,  model  HC-1,  the  caustic  and 
circulation  pump  controls,  PCI  Ozone  Corporation  ambient  ozone  personnel  safety 
monitor,  model  LC-1  (the  TLV  of  ozone  is  1.0  x  10“4  Kg/M3  or  6.245.  x  IQ"6 
lbm/ft3),  and  the  system  alarms.  The  pilot  plants'  Instrumentation  Is  routed 
from  the  testing  area  through  the  Data  Acquisition  and  Control  System  to  a 
video  display  In  the  control  center  allowing  remote  monitoring  of  the  system. 
Digitized  data  storage  Is  available  at  a  rate  up  to  1000  samples  per  second. 


figure  4.  Uzone/UV  Pilot  Plant  Mini-Heat  Exchanger, 

Ozonator,  and  Control  Console 

TESTING 

EXPERIMENT  MATRIX  DESIGN 

The  tasting  of  the  ozone/UV  photo-oxidation  pilot  plant  was  designed  from  the 
outset  as  a  statistical  optimization  experiment.  The  statistical  optimization 
was  done  using  the  Hadamard  Matrix  Design  (Reference  4)  Advanced  Programing 

Language  (APL)  program  which  reduces  the  number  of  repetitions  required  for 

* 

statistical  significance  while  retaining  the  confidence  factors  selected  by  the 
experimenter.  The  variables  Initially  chosen  for  Investigation  were  ozone 
concentration,  reaction  temperature,  UV  power,  and  solution  pH.  During  the 
course  of  the  testing  It  was  decided  that  a  variable  must  be  eliminated  and  the 
number  of  trials  reduced  because  of  funding  limitations.  The  ozone 
concentration  variable  was  eliminated  from  consideration  and  was  fixed  at  Its 
high  level,  2.75  wt%  In  oxygen.  The  revised  test  matrix,  Matrix  IB,  was 
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Figure  5.  Hamard  Matrix  IB 


designed  as  an  6  x  3 
Resolution  IV  Hadamard 
Matrix,  Fig.  5,  using  a 
confidence  level  of  85£  for 
both  alpha  (  a  )  and  beta 
(  e  )  type  errors.  The 
matrix  design  was  prepared 
assuming  the  Intrinsic 
variance  (  y)  of  the  system 
from  trial  to  trial  was 
equal  yet  unknown.  The  Resolution  IV  Matrix  Design  estimated  all  main  factor 
contributions,  but  not  two-factor  Interactions  since  they  were  confounded  with 
other  two-factor  Interactions;  the  system  variance  must  be  known  to  separate 
the  two-factor  Interaction  effects. 

ENVIRONMENTAL  PROTECTION  AGENCY  VALIDATION  TESTS 

After  the  statistical  optimization  experiments  were  completed  a  series  of  five 
EPA  validation  tests  were  conducted.  The  validation  tests  were  performed  at 
the  optimum  settings  as  determined  from  the  Resolution  IV  Matrix  Design 
analysis  APL  program.  The  tests  Included  «  water  blank,  a  hydrazine  test,  two 
mo  noma thy 1  hydrazine  tests,  and  a  test  with  unsymmetrlcal  dimethyl  hydrazine. 
The  tests  were  conducted  to  evaluate  the  system  as  a  prospective  EPA  non- 
regulated  hazardous  waste  disposal  facility.  All  tests  started  with  an  Initial 
fuel  concentration  of  5.0  x  10*1  Kg/M3  (3.123  x  IQ"2  lbm/ft3). 

CHEMICAL  ANALYSIS  METHODS 


MATRIX  TRIALS 


The  White  Sands  Test  Facility  Chemistry  Laboratory  supported  the  operation  of 
the  ozone/UV  photo-oxidation  pilot  plant  reactor  statistical  optimization 
Hadamard  Matrix  Design  for  the  destruction  of  monomethyl  hydrazine  with  three 
types  of  aqueous  chemical  analysis  techniques.  The  first  method  was  constant 
current  coulometry  for  the  determination  of  the  mass  of  MMH  In  water.  This 
method  entailed  the  electrochemical  generation  of  chlorine  from  sodium 


chloride.  The  chlorine  produced  then  oxidized  the  monomethyl  hydrazine  through 
a  two  electron  transfer  process  (Kg-mole  per  Kg-mole  or  lb-mole  per  lb-mole) 
and  when  the  MMH  solution  was  exhausted  the  endpoint  was  detected.  The  concen¬ 
tration  of  chlorlna-oxidlzable  material  was  then  determined.  This  method  was 
not  specific  for  MMH  and  did  not  detect  certain  organic  compounds,  like 
methanol.  The  detection  limit  of  the  instrument  was  approximately  5.Q  x  10“10 
Kg  (1.1023  x  10"9  lbm)  for  hydrazine  when  using  5.0  x  10“5  M3  (1.77  x  10"3  ft3) 
of  sample.  The  second  method  was  the  spectrophotometrlc  determination  of 
formaldehyde  through  reaction  with  chromotropic  acid.  Chromotropic  acid  and 
formaldehyde  react  to  form  a  light  purple  colored  solution  which  absorbs  visi¬ 
ble  light,  and  the  concentration  was  determined  using  Beer's  Law;  the  concen¬ 
tration  was  directly  proportional  to  the  absorbance.  The  detection  limit  of 
the  analysis  was  1.25  x  10“9  Kg  (2.757  x  10"9  lbm)  of  formaldehyde  when  using 
2.5  x  IQ-5  M3  (8.829  x  10"4  ft3)  of  sample.  This  test  was  not  specific  for 
formaldehyde,  and  did  have  some  type  of  Interferant  which  sometimes  altered  the 
color.  The  third  method  was  gas  chromatographlc/thermlonlc  Ionization  detec¬ 
tion  for  the  determination  of  nltrosodlmethyl amine  (NDMA)  In  water.  The  NOMA 
was  separated  on  the  chromatographic  column  with  reproducible  retention  time 
and  quantified  versus  a  NOMA  standard  solution.  The  detection  limit  of  NOMA  by 
this  method  was  1.0  x  IQ-14  Kg  (2.205  x  10“14  lbm)  when  using  1.0  x  10“9  M3 
(3.53  x  10’8  ft3)  of  sample. 

In  addition  to  the  aqueous  chemical  analysis,  the  reactor's  vent  gas  was 
analyzed  for  vapors  of  MMH  which  might  off-gas  during  the  circulation  of  fluid 
through  the  reaction  spray-chamber.  To  determine  the  concentration  of  MMH  In 
humidified  oxygen  and  ozone  a  sulfuric  acid  coated  firebrick  was  used  to  trap 
the  MMH.  The  amount  of  MMH  was  then  determined  as  chlorlne-oxldlzable 
substance  with  constant  current  coulometry.  The  concentration  In  the  sample 
gas  was  then  calculated  from  the  known  volume  of  gas  sampled  and  the  mass  of 
MMH  detected. 

ENVIRONMENTAL  VALIDATION  TESTS 

Two  levels  of  testing  were  conducted  for  the  EPA  validation  testing.  Level  one 
used  two  chemical  analysis  techniques  to  monitor  the  reaction's  progress  toward 
completion.  The  first  method  was  constant  current  coulometry  for  the  deter- 
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mlnatlon  of  the  mass  of  hydrazine  fuel  in  water,  as'  described  above.  The 
second  chemical  analysis  method  used  was  the  EPA  approved  method  for  deter¬ 
mination  of  total  organic  carbon  (TOC)  (Reference  5).  In  brief  the  Instrument 
converts  all  carbon  to  carbon  dioxide  and  then  uses  an  infrared  spectrophoto¬ 
meter  to  detect  the  carbon  dioxide.  The  detection  limit  for  the  Instrument  was 
approximately  1.0  x  IQ"9  Kg  (2.2046  x  10"9  Ihm)  for  carbon  as  carbon  dioxide 
when  using  1.0  x  10“6  M3  (3. S3  x  10"5  ft3)  of  sample.  The  instrument  was  njjt 
specific  for  organic  hydrazlne(s)  or  their  reaction  products,  as  any  carbon 
bearing  compound  would  be  oxidized  tc  carbon  dioxide  and  give  a  reading. 

Each  of  constant  current  coulometry  and  total  organic  carbon  analyzes  were  done 
using  statistical  quality  control  methods  (Reference  2).  Known  spiked  samples 
were  submitted  during  the  chemical  analyses,  and  control  charts  were  used  to 
provide  a  routine  audit  procedure  for  the  chemical  analysis. 

Level  two  was  used  for  the  determination  of  trace  quantities  of  material  that 
could  be  listed  as  a  hazardous  waste  constituent  (Reference  3).  Extraction/ 
concentration  procedures  were  done  following  EPA  method  3510  (SW-846) 
(Reference  6),  except  that  a  2.0  x  10“4  m3  (7.063  x  IQ"3  ft.3)  sample  volume  was 
used  Instead  of  a  1.0  x  IQ"3  M3  (3.531  x  10“2  ft3)  sample  volume.  The  extracts 
were  then  analyzed  using  QC/NPD,  GC/FID,  and  GC/MS.  Spiked  samples  were  sub¬ 
mitted  during  the  chemical  analysis  as  a  check  method.  The  GC/NPO  used  to 
analyze  the  samples  had  the  following  approximate  detection  limits,  when  using 
1.0  x  1Q“9  M3  (3.53  x  10"®  ft3)  of  sample:  hydrazine  7.273  x  10-16  Kg  (1.603  x 
10-15  ibm) ,  MMH  1.0  x  10-14  <g  (2.224  x  10-14  lbm),  UCMH  4.126  x  10-16  Kg  (9.10 
x  10-16  ibm) ,  NOMA  1.618  x  10-16  Kg  (3,557  x  10-16  ibm).  Variation  In  the 
detection  limits  was  due  to  changes  In  the  recovery  efficiency  of  the  standard 
samples  over  the  duration  of  the  testing.  The  GC/FID  wes  used  to  detect  trace 
quantities  of  compounds  at  a  nominal  detection  limit  of  approximately  1.618  x 
10-16  Kg  (3.567  x  10*16  ibm),  when  using  1.0  x  10*9  M3  (3.53  x  10-8  ft3)  0f 
sen  pie.  The  GC/MS  was  used  to  detect  trace  quantities  of  compounds  at  a 
nominal  detection  limit  of  approximately  1.618  x  10-16  Kg  (3.567  x  10“16  lbm), 
when  using  1.0  x  10"9  M3  (3.53  x  10-8  ft3)  0f  sample.  Both  the  GC/FID  and 
GC/MS  were  used  as  qualitative  detection  Instruments  rather  than  quantitative 
Instruments  because  of  the  time  and  funding  limitations  of  the  project. 


SAMPLING  AND  DATA  REPORTING 


MATRIX  TRIALS 

The  sampling  of  the  liquid  during  the  trials  Mas  accomplished  by  using  a 
mixture  of  deionized  water  and  concentrated  sulfuric  acid,  H2SO4,  to  trap  the 
MMH  In  solution.  The  samples  were  taken  on  a  regular  schedule  over  the 
duration  of  the  multl-day-trlal.  The  trials  were  conducted  on  an  eight  (8) 
hour  work  schedule  to  simulate  the  future  work  environment  that  the  system 
might  see.  Gas  samples  were  taken  at  the  start-up  of  each  trial  In  sets  of 
three  for  statistical  analysis.  Data  were  reported  as  concentrations 
calculated  from  the  volume  of  the  sample  used  In  the  analysis.  On  site,  data 
are  reported  using  the  units  of  part  per  million  (1.0  ppm  "  1.0  x  10“3  Kg/M3), 
or  part  per  billion  (1.0  ppb  ■  1.0  x  10“6  Kg/M3). 

EPA  VALIDATION  TESTS 

The  sampling  of  the  liquid  during  the  tests  was  done  on  a  regular  schedule  ever 
the  duration  of  the  multi-day  tests  using  the  approved  EPA  sampling  method 
(Reference  7).  The  tests  were  conducted  on  a  24-hour  basis.  Variable 
measurement  data  was  archived  for  submission  to  the  EPA  If  required.  Data  were 
reported  as  concentrations  calculated  from  the  volume  of  the  sample  used  In  the 
analysis. 

ENVIRONMENTAL  CONSIDERATIONS 

Future  plans  call  for  Implemantatlon  of  an  on  site  Environmental  Protaction 
Agency  non-regulated  hazardous  waste  disposal  process  for  hydrazine  propellants 
using  the  ozone/UV  process.  Analyzing  the  effluent  coulometrlcally  would 
Indicate  the  presence  of  any  chlorine  oxldlzable  substances,  e.g.,  hydrazines. 
Residual  carbon  containing  compounds,  e.g.,  methanol,  can  probably  best  be 
determined  using  the  TOC  (Reference  5)  Instrument,  with  the  proper  reactor 
design.  When  these  tests  Indicate  concentrations  below  the  detection  limits  of 
the  Instrument  a  complete  chemical  analysis  would  be  conducted  to  certify  the 
effluent  as  "Regulatory  Clean  Effluent"  (Reference  3)  prior  to  discharging  It 
to  grade.  These  additional  tests  would  be  thermionic  Ionization  detection 
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operating  In  a  nitrogen-phosphorus  mode  for  NOMA  and  hydrazine  fuels,  flame 
Ionization  detection  for  all  organic  constituents,  and  mass  spectrometry 
detection  for  identification  of  all  extracted  components.  These  analyses  would 
be  used  with  preconcentration  techniques  to  prove  the  effluent  clean.  These 
analyses  are  accepted  procedures  in  the  trace  analytical  field  and  are  the 
“Best  Available  Technology'*  (Reference  3)  for  determination  of  trace  consti¬ 
tuents  In  the  ozone/UV  reactor  effluent  which  contains  mostly  water. 


CONCLUSIONS 


CIRCULATION  TIM  (HOW) 


DATA  ANALYSIS 

The  exposure  time  for  each 
trial  was  calculated  from  the 
circulation  rate,  the  Initial 
volume  of  deionized  water 
used,  the  residence  time  In 
the  reactor,  and  any  volume 
changes  due  to  sampling  or 
deionized  water  additions. 
Error  bands  were  Included  In 
the  calculated  data.  Plots 
of  species  concentrations 
versus  both  circulation  and 
exposure  times  were  then  made 
for  each  trial.  Curves  were 
then  fitted  to  the  data  and 
the  error  bands.  All  trials 
were  then  combined  on  a 
"normalized"  graph  of 
chlorl ne-oxldlzable 
concentration  versus 
circulation  time  Fig.  6. 


Figure  5.  Ozone/UV  Photo-Oxidation  Three 
Variable  System  Trends 
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MATRIX  ANALYSIS 


Analysis  of  the  data  In  Fig.  6  using  the  Hadamard  Matrix  Factorial  Design 
Analysis  Software  (Reference  4)  for  a  6  x  3  matrix,  Matrix  IB,  gave  Information 
on  the  relative  effect  of  each  of  the  three  main  variables  on  the  overall  dis¬ 
appearance  of  the  chlorlne-oxldlzable  substances. 

The  effect  of  temperature  Is  the  most  dramatic  and  the  most  Interesting.  At 
the  high  setting,  313.98  K  <565. 16°R) »  the  reaction  proceeded  much  faster  than 
at  the  low  setting,  285.59  K  (514.0(5°R),  until  the  concentration  of  the 
chlorlne-oxldlzable  specle(s)  reached  approximately  2.5  x  10“3  Kg/M3  (1.561  x 
10"4  ibm/ft3).  After  that  concentration  was  reached,  the  ozone/UV  photo¬ 
oxidation  reaction  favored  the  low  temperature  setting.  In  fact,  although  the 
high  temperature  trials  were  Initially  faster,  the  low  temperature  trials, 
after  a  period  of  time,  overtook  them  and  continued  to  oxidize  the  concen¬ 
tration  of  the  chlorlne-oxldlzable  species  at  an  apparently  faster  rate  than 
the  high  temperature  setting.  This  effect  Is  thought  to  be  due  to  the  Increased 
solubility  of  ozone  In  the  liquid  at  lower  temperatures  which  at  lower  concen¬ 
trations  of  chlorlne-oxldlzable  species  offsets  the  kinetic  advantage  gained  by 
the  Increase  In  temperature.  The  absolute  temperature  difference  was  28.39  K 
(51.1°R). 

The  pH  dependence  of  the  ozone/UV  photo-oxidation  reaction  was  also  discon¬ 
tinuous.  At  high  chlorlne-oxldlzable  concentrations  the  overall  reaction  rate 
favored  the  highly  basic  setting,  11  pH.  However,  at  lower  concentrations  the 
reaction  favored  the  lower  setting,  9  pH.  It  would  also  seem  that  the  pH 
determines  the  lower  limit  of  oxidization  by  ozone.  High  pH  trials  tended  to 
level  off  much  earlier  than  the  low  pH  trials.  The  reasons  behind  this  are 
probably  related  to  the  overall  reaction  mechanlsm(s)  and  the  formation  of  free 
radicals  (References  1,  8,  9,  10}  but  the  processes  are  not  well  understood. 

The  reaction  dependance  on  ultraviolet  radiation  was  continuous  over  the  range 
of  the  oxidation  process.  The  reaction  at  all  times  favored  the  high  level  of 
radiation,  151.8  W  (44.493  BTU/H) ,  versus  the  low  level,  79.2  W  (23.214  BTU/H ) . 
This  statistical  analysis  shows  conclusive  evidence  of  the  Increased  overall 
reaction  rate  when  using  ultraviolet  light  In  concert  with  ozone  oxidation.  It 


236 


has  been  calculated  that  the  emissions  spectra  in  the  UV  at  2.537  x  10""  m 
(8.324  x  10"7  ft)  causes  electronic  excitation  of  ozone  to  an  antibonding  state 
which  can  only  be  deactivated  by  fluorescence,  phosphorescence  emissions, 
radiationless  deactivation  processes,  or  chemical  reaction  (Reference  12).  It 
has  been  proposed  that  ultraviolet  radiation  can  actually  be  Included  In  the 
overall  kinetic  rate  expression  by  using  the  second  law  of  photochemistry 
(Reference  11).  If  this  Is  true,  and  it  appears  so,  then  the  more  radiation 
the  better  since  no  adverse  side-effects  of  the  addition  of  radiation  have  been 
detected  In  this  series  of  experimentation.  Table  1  summarizes  the  optimal 
setting  of  the  ozone/UV  photo-oxidation  reactor. 
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Taole  1.  Optimized  Setting  of 
Ozone/UV  Reactor 

NOMA  Intermediates.  It  Is  also 
possible  that  this  Is  the  effect  of 
variable  Interactions  which  have 
not  yet  been  analyzed.  In  any 
case,  It  was  found  that  the  ozonl- 
zatlon  process  was  capable  of 
reducing  the  NOMA  concentration  to 
below  the  detection  limit  of  the 
analytical  Instrumentation. 
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*  The  highest  concentration  of 
NOMA  detected  was  found  to  be 
statistically  related  to  the 
Initial  concentration  of  MMH, 
Table  2.  Trial  four  produced 
approximately  five  (5)  times 
less  NOMA  than  expected.  This 
could  be  due  to  the  fact  that 
the  Initial  oxidation  rata  cf 
the  MMH  was  rapid  enough  to 
preclude  the  formation  of  the 
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The  oxidation  of  MMH  proceeds  In  several  steps  through  the  Intermediate 
species,  methanol,  formaldehyde,  and  formic  acid  to  produce  carbon  dioxide.  It 


was  determined  that  the  slow  step  In  the  oxidation  process  was  the  conversion 
of  methanol  to  formaldehyde.  However,  the  ozonlzation  process  was  found  to 
reduce  the  levels  of  all  the  Intermediate  species  to  below  the  respective 
detection  limit  of  the  analytical  instrumentation  used  In  these  trials. 

Furthermore,  It  was  found  that  ozone  remained  In  the  test  solution  overnight. 
The  ozone  was  not  destroyed  when  It  passed  through  the  pump  or  the  spray 
nozzles  as  had  previously  been  expected.  This,  In  combination  with  the  eight 
(8)  hour  work  schedule,  led  to  discontinuities  In  the  data.  The  chlorlne- 
oxldlzable  species  concentration  could  either  Increase  or  decrease  overnight 
In,  as  yet,  no  apparent  pattern.  The  trend  could  be  due  to  the  type  of 
Intermediate  formed  either  chlorlne-oxidlzable,  e.g.,  formaldehyde,  or  non- 
chlorlne-oxldlzable,  e.g.  methanol.  The  concentration  of  NDMA  only  Increased. 
This  suggests  that  the  oxidation  of  MMH  with  ozone  alone  may  produce  more  NDMA 
than  whan  combined  with  ultraviolet  light  photo-activation. 

Finally,  the  vent  gas  analysis  showed  only  one  occasion  of  escaping  chlorlne- 
oxldlzable  material  with  a  concentration  of  approximately  5.0  x  1Q“5  Kg/M3 
(3.123  x  1Q“6  lbm/ft3).  It  should  be  noted  that  the  reactor  Is  not  pressurized 
and  operates  at  ambient  pressure. 

EPA  VALIDATION  RESULTS 

There  was  no  NDMA  detected  In  any  of  the  validation  tests  Including  the  UDMH 
test.  This  could  be  due  to  the  fact  that  the  tests  were  run  as  a  24-hour 
operation  and  that  the  oxidation  of  the  hydrazine  fuels  produces  no  NDMA  when 
ozone  Is  combined  with  ultraviolet  light  photo-activation,  and/or  that  the 
Initial  oxidation  rate  of  the  hydrazine  fuel  was  rapid  enough  to  preclude  the 
formation  of  the  NDMA  Intermediates.  It  Is  also  possible  that  this  Is  the 
effect  of  variable  Interactions  which  have  not  yet  been  analyzed.  In  any  case. 
It  was  found  that  when  the  reactor  was  operated  at  the  optimum  parameter 
settings  the  ozonlzation  process  was  capable  of  reducing  the  NDMA  concentration 
to  below  the  detection  limit  of  the  analytical  Instrumentation  or  precluded  the 
formation  of  the  NDMA  species  altogether. 
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For  each  test  the  solutions  were  analyzed  for  all  trace  constituents.  Methanol 
was  found  In  every  case  Including  the  water  blank  test,  at  less  than  5.2  x  10"7 
Kg  (1.14639  x  10"6  Ibm)  when  using  a  1.0  x  10"9  M3  (1.14639  x  10"6  ft3)  sample, 
and  Is  thought  to  be  a  decomposition  product  of  either  the  UV  lights1  EPDM 
rubber  grommets  or  the  GE  silicone  RTV  used  as  a  water  seal.  In  fact  the  GE 
silicone  RTV  was  actually  reported,  In  a  matrix  trial,  as  octamethyl- 


cyclotetraslloxane.  In  each  case  the  amount  of  methanol  present  was  small, 
and  Its  formation  could  be  prevented  with  proper  reactor  design.  A  small 
amount  of  unreacted  unsymmetrlcal  dimethyl  hydrazine  was  reported  at  the  end  of 
the  UDMH  EPA  validation  test,  approximately  1.2  x  10“9  Kg  (2.64552  x  10"9  Ibm). 
The  presence  of  trace  amounts  of  unreacted  UDMH  was  thought  to  be  attributable 
to  the  presence  of  larger  quantities  of  methanol  and  other  organic  material 
within  the  system  which  the  ozone  would  preferentially  oxidize. 

In  all  hydrazine  fuel  tests,  the  water  was  found  to  have  less  than  a  detectable 
amount  of  chlorine  oxldlzable  species  by  the  morning  of  the  second  day,  24 
hours  later.  The  determination  of  the  total  organic  carbon  remaining  was  found 
to  be  unreliable  because  It  would  decrease  and  then  suddenly  Increase  In  no 
apparent  order  and  for  no  apparent  reason.  The  water  blank  tests  showed  only 
an  Increase  In  the  amount  of  TOC.  Because  of  this,  the  Increases  were  thought 
to  be  due  to  the  deterioration  of  the  RTV  or  the  EPDM  rubber  orgaftTt  sealing 
material (s), 

In  the  first  MMH  test  three  peaks  were  evident  In  the  samples.  The  three  peaks 
could  not  be  Identified.  The  niass  spectra  did  not  correspond  with  anything  In 
the  computer  library  of  43,000  spectra,  nor  did  the  spectra  correspond  to  any 
of  the  previously  Identified  oxidation  products  from  MMH  or  UDMH.  These 
compounds  did  not  appear  In  the  second  MMH  EPA  validation  test.  It  Is  felt 
that  the  unidentified  compounds  are  possibly  the  reaction  products  from  the  MMH 
Intermediate  decomposition  products  Interacting  with  system  contamination 
during  the  test,  possibly  silicone  bearing  organics.  In  any  event,  the  test 
was  repeated  and  the  unidentified  compounds  did  not  appear  In  It  or  In  any  of 
the  subsequent  tests.  For  the  UDMH  test  an  Intermediate  sample  was  analyzed 
and  only  acetaldehyde,  formamlde,  and  n-methylformamlde  were  Identified. 


RECOMMENDATIONS 


From  the  statistical  optimization  experimentation*  It  Is  evident  that  the  new 
reactor  design  should  Incorporate  some  changes.  First,  the  operating 
conditions  should  be  more  tightly  controlled.  Second,  an  Investigation  Into 
the  exact  demand  of  ozone  by  the  system  should  be  conducted  to  size  the  future 
system  correctly.  Third,  steps  should  he  taken  to  eliminate  all  organic 
materials  used  In  the  reactor  and  associated  piping.  Fourth,  the  reactor 
should  be  operated  on  a  24-hour  schedule  to  reduce  the  possibility  of  forming 
any  NDMA.  Finally,  steps  should  be  taken  to  approach  the  EPA  on  a  unified 
front  to  convince  them  to  publish  updates  to  the  discharge  regulations  so  that 
an  effective  disposal  system  for  EPA  non-regulated  hazardous  waste  containing 
hydrazlne(s)  c.s  a  hazardous  constituent  can  treat  dilute  aqueous  solutions  of 
EPA  regulated  hazardous  waste  containing  hydrazlne(s)  as  well. 
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ABSTRACT 

A  new  sensor  technology  combined  with  pattern  recognition  methods  is  being 
investigated  for  hydrazine  vapor  detection.  The  sensors,  chemiresistors,  use 
vapor-sensitive  coatings  on  a  set  of  interdigital  electrodes.  All  of  the  coatings 
tested  have  a  rapid  response  to  hydrazine,  but  are  slow  to  recover.  Heating  the 
sensors  improves  the  response  and  the  recovery  times.  A  coating  has  been  tested  that 
is  sensitive  to  part-per-billion  (ppb)  concentrations  of  hydrazine.  The  coating  lacks 
the  necessary  selectivity,  but  when  used  with  other  coating  will  provide  a  fingerprint 
pattern  for  hydrazine.  Pattern  recognition  methods  combined  with  sensor  arrays  have 
been  used  to  Improve  the  selectivity  of  the  new  sensors. 

INTRODUCTION 

Large  quantities  of  hydrazine,  monomethylhydrazine  (MMH),  and  unsymmetrlcal 
dimethylhydrazlne  (UDMH)  are  used  by  NASA  and  the  Air  Force  as  fuels.  The  toxicity 
and  the  possible  carcinogenicity  of  the  vapors  require  air  monitoring  for  personnel 
safety.  Fi::ed-point  monitors,  portable  instruments  and  dosimeters  are  needed.  No 
commercially-available  instruments  can  detect  30,  50,  and  60  ppb  of  hydrazine,  MMH, 
and  UDMH  respectively,  which  are  the  threshold  limit  valves  (TLV)  recommended  by  the 
National  Institute  of  Occupational  Safety  and  Health.(i) 

The  research  goals  are  to  determine  the  feasibility  of  the  chemiresistor 
technology  for  hydrazine  detection.  The  sensors  have  good  sensitivity,  but  lack  the 
necessary  selectivity.  To  overcome  the  selectivity  problems,  sensors  arrays  and 
pattern  recognition  methods  are  being  examined.  In  addition,  the  sensors  are  being 
characterized  so  that  potential  problems  can  be  addressed. 

Chemiresistors  are  based  on  vapor-sensitive  organic  semiconductors.  They  act  as 
resistors,  where  the  conductance  is  changed  in  the  presence  or  absence  of  chemical 
vapors.  The  sensors  have  a  substrate  of  interdigital  gold  electrodes  coated  with  a 
vapor-sensitive  film.  Different  coatings  generate  different  vapor  responses.  The  use 
of  several  small  electrodes  provides  improved  ohmic  contact  and  facilitates  the 
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measurement  of  very  low  conductances.  In  addition,  the  electrode  design  reduces  the 
power  requirement,  therefore  the  coatings  have  a  longer  lifetime.(2) 

Chemiresistors  with  phthalocyanine  coatings  responded  to  ammonia,  therefore  the 
sensors  with  these  coatings  were  investigated  for  hydrazine  detection. 

Phthalocyanines  are  heteroatom  macrocycles  that  complex  a  metal  atom;  the  central 
metal  atom  effects  the  selectivity.  An  array  of  the  phthalocyanine  coatings  with 
different  metal  centers  were  tested  with  hydrazine  and  several  other  potential 
interferent  vapors  including  some  containing  nitrogen.  The  coatings  were  deposited 
using  a  Langmuir- Blodgett  film  transfer  technique  after  being  derivatized  to 
tetracumylphenoxy  phthalocyanine.  Stearyl  alcohol  was  added  to  improve  the  transfer. 

The  response  to  hydrazine  was  fast,  but  the  sensors  were  very  slow  to  recover.(3) 

The  data  from  an  array  of  sensors  are  difficult  to  interpret.  A  vapor  is  defined' 
by  the  sensor  responses,  but  a  data  set  of  more  than  three  sensors  is  Impossible  to 
visualize.  Similar  vapors  should  have  similar  sensor  responses  and  will  cluster  in  a 
coordinate  space  defined  by  the  sensors.  Pattern  recognition  methods  give  an 
investigator  the  ability  to  examine  the  high  dimensional  space  defined  by  the  array  of 
sensors. 

Pattern  recognition  methods  applied  to  the  array  of  coatings  were  able  to 
distinguish  hydrazine  form  the  interferences  and  several  other  chemically  similar 
compounds.  Mixtures  of  the  vapors  were  more  difficult  to  identify  using  only 
phthalocyanine  coatings.  The  pattern  recognition  results  are  described  in  detail  in  a 
JANNAF  proceeding, (3) 

A  new  coating  has  been  found  and  is  being  tested  that  is  very  sensitive  to 
hydrazine.  Also,  the  effects  of  heating  the  substrate  are  being  investigated. 

EXPERIMENTAL 

Hydrazine  is  very  difficult  to  transport  due  to  absorption  and  reactivity. 

Therefore,  it  was  important  to  minimize  the  interaction  of  the  vapor  with  walls  and 
hot  surfaoes  prior  to  the  sensors.  An  aluminum  sample  holder  was  machined  consisting 
of  two  compartments.  On  one  side  a  glass  manifold  was  positioned  to  deliver  the 
hydrazine  vapor  in  a  parallel  manner  directly  to  the  top  of  the  sensors.  In  the 
second  compartment,  a  platform  with  small  holes  was  suspended  midway  in  the  box.  The 
sensors  were  placed  on  the  platform.  A  heating  tape  could  be  placed  under  the 
sensors.  Electrical  connections  from  box  to  the  sensors  were  made  through  the 
platform.  A  hole  was  drilled  in  the  side  of  the  compartment  under  the  platform  to 
allow  the  gas  stream  to  escape.  Triaxial  cables  carried  the  power  to  and  the  signal 
from  the  aluminum  box  to  a  Keithley  617  programmable  electrometer.  Five  sensors  could 


be  tested  at  once  in  the  sample  holder  and  a  Keithley  705  scanner  was  used  to  switch 
the  signal  from  each  sensor  to  the  electrometer. 


The  hydrazine  gas  stream  was  generated  as  described  in  reference  1. 

RESULTS 

A  new  coating,  an  n-type  organic  semiconductor,  was  deposited  onto  the  substrate 
using  the  Langmuir- Blodgett  method.  Different  thicknesses  of  1,  5,  11,  21,  and  33 
layers  were  tested.  A  typical  response  to  hydrazine  is  shown  in  figure  1.  The 
initial  response  is  a  very  rapid  increase  in  conductance,  followed  by  a  more  gradual 
increase.  The  recovery  demonstrates  the  same  type  of  behavior.  The  recovery  time  is 
also  dependent  on  the  film  thickness;  the  thicker  the  film  the  slower  the  recovery 
time.  The  magnitude  of  the  response  increases  linearly  with  increasing  concentration. 
The  sensitivity  to  hydrazine  is  shown  in  Table  1. 

TABLE  1.  MAGNITUDE  OF  RESPONSE 


Y-AEQR 

CONCENTRATION 

CHANGE  IN  RESPONSE 

N,H4 

500  ppb 

100-1000 

MMH 

500  ppb 

10-20 

UDMH 

500  ppb 

2 

NH, 

30  ppm 

3 

NO, 

10  ppm 

10 

Water 

60%  RH 

10 

The  sensor  does  response  to  water  as  demonstrated  in  figure  2.  Although  when 
hydrazine  and  water  are  combined,  the  hydrazine  response  is  easily  observed  above  the 
water  background.  The  sensor  also  responds  with  an  increase  in  conductance  to 
nitrogen  dioxide  (NOa)  and  is  reversible  as  seen  in  figure  3.  The  phthalocyanine 
response  to  NOa  is  also  an  increase  in  conductance,  whereas  the  response  to  hydrazine 
as  shown  in  figure  4  is  a  decrease  in  conductance.  The  combination  of  these  two 
sensors  will  allow  one  to  distinguish  between  NOa  and  the  hydrazines. 


SENSOR  RESPONSE 


ON/OFF 


ON 

AT  T  =  0 


OFF 
AT  T  =  0 


FIGURE  1,  The  sensor's  response  to  500  ppb  of  hydrazine.  The  sensor  had  33 
layers  of  the  new  coating.  Slow  responses  are  shown  in  3  examples: 
(a)  response  and  recovery  times,  (b)  continuous  exposure  for  three 
hours,  and  (c)  continuous  recovery  for  three  hours. 
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SENSOR  RESPONSE  (xIO11) 


Figure  2.  The  sensor  response  to  60%  relative  humidity. 


Figure  3.  The  new  coating  response  to  10  ppm  of  NOa. 
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Figure  4:  An  example  of  the  response  of  the  Phthalooyanlne  spray-coated 
chemlresistor  with  platinum  metal  center  to  1  ppm  MMH.  The 
sensor  was  heated  to  140°C. 

Figure  5  shows  the  Improvement  of  the  response  and  the  recovery  times  when  the 
substrate  is  heated  to  45°C.  The  films  deposited  using  the  Langmuir-Blodgett 
technique  cannot  be  heated  above  S0°C  because  stearyl  alcohol,  used  as  the  transfer 
agent,  melts.  Other  transfer  agents  are  being  investigated. 


Figure  5.  The  new  coating’s  response  to  100  ppb  MMH  at  room  temperature  and  45°C. 
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Two  other  coating  methods  are  being  investigated  that  can  be  heated.  Sublimed 
phthalocyanine  films  have  been  tested  on  a  different  substrate  design.  The  response 
and  recovery  times  improve  with  increasing  temperature,  but  the  films  are  so  thick 
that  temperatures  above  195°C  are  required.  The  high  temperature  degrades  the  coating 
at  a  measurable  rate  as  shown  in  figure  6. 
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Figure  6.  The  response  of  a  sublimed  film  of  lead  phthalocyanine  to  1  ppm  of 
hydrazine  when  heated  to  195°C. 

Film  coatings  that  have  been  sprayed  onto  the  substrate  are  also  being  tested. 

The  thickness  of  the  coatings  are  similar  to  the  Langmuir- Blodgett  transferred 
phthalocyanine  films  tested  earlier.  Figure  4  chows  the  response  is  rapid,  but  the 
recovery  is  still  too  slow  even  when  heated  to  140eC.  This  suggests  that  the  way  a 
film  is  deposited  is  as  important  as  the  thickness. 
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CONCLUSIONS 

Chemiresistors  show  much  promise  as  hydrazine  vapor  detectors.  Without  improving 
the  recovery  time,  the  response  time  is  satisfactory  for  use  as  alarm  devices. 

Pattern  recognition  methods  make  the  use  of  array  sensors  feasible,  therefore  the 
variety  of  coatings  improve  the  selectivity.  New  coatings  and  transfer  methods  that 
allow  the  film  to  be  heated  will  improve  recovery  times,  which  would  allow  the 
technology  to  be  used  for  all  air  monitoring  applications. 
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ABSTRACT 

Passive  dosimetry  methods  applicable  to  personnel  and  area  monitoring  are  being 
developed  for  hydrazine  detection  in  ambient  air  at  the  part-per-billion  (ppb)  level.  A 
new  badge  design,  molded  from  polyethylene,  consisting  of  a  diffusion  barrier  and  an 
organic  acid  collection  medium  provides  quantitation  of  exposure  when  analyzed  by  the 
NIOSH  colorimetric  method  or  a  coulometric  titration  procedure.  The  diffusion  barrier 
containing  144  one  millimeter  diameter  holes  establishes  a  collection  rate  of 
approximately  30  ml/min.  The  accuracy  of  data  collected  with  this  badge  is  within  23% 
of  actual  values.  The  dosimeter  has  demonstrated  acouracy  for  up  to  65  hours  of 
sampling  monomethylhydrazine  (MMH)  at  the  threshold  limit  value  (TLV)  concentration 
(200  ppb)  with  minimal  interference  effects  from  ammonia,  freons,  and  isopropyl  alcohol. 
A  new  colorimetric  dosimeter  has  given  qualitative  hydrazine  measurements  in  13  minutes 
for  TLV  levels  of  MMH  in  relative  humidities  (RH)  of  0  to  55  percent.  It  has  also 
shown  no  interference  from  ammonia  and  none  is  expected  from  freons  and  alcohols. 

The  potential  use  of  the  color  badge  in  combination  with  the  quantitative  dosimeter  will 
be  discussed. 


INTRODUCTION 

Hydrazine  (HZ),  monomethylhydrazine  (MMH),  and  unsymmetrical  dlmethylhydrazine 
(UDMH)  continue  to  play  an  important  role  as  hypergolic  fuels.  The  potential 
carcinogenicity  of  these  compounds  has  caused  concern  for  the  health  and  safety  of  the 
workers  that  may  come  in  contact  with  them.  Monitoring  of  the  employees  and  their 
work  places  should  be  conducted  to  ensure  their  exposure  remains  below  the  defined 
levels. 

A  lightweight,  inexpensive,  personal  dosimeter  has  been  developed  by  Naval  Research 
Laboratory  (NRL)  personnel  and  can  be  used  to  quantitatively  monitor  TLV  exposures.  It 
consists  of  three  basic  parts:  the  collection  disk,  the  diffusor,  and  the  badge  housing. 

The  collection  disk  is  made  of  a  thin  piece  of  polyester  coatod  with  a  citric  acid 
solution.  This  organic  acid  was  selected  for  its  properties  as  an  antioxidant.  It  serves 
as  a  trap  for  the  hydrazines  allowing  analysis  by  colorimetric  or  coulometric  procedures. 


The  collection  characteristics  of  the  coated  disk  were  examined  independent  of  the  badge 
housing.  A  direct  relationship  between  the  amount  of  MMH  collected  and  the  face 
velocity  was  observed.  To  eliminate  this  problem  several  styles  of  diffusion  caps  were 
tested,  and  theoretical  modeling  employed.  A  design  having  140  one  millimeter  diameter 
holes  was  selected  for  its  ability  to  minimize  face  velocity  effects  without  severely 
increasing  the  detection  limit  (Reference  1). 

Machined  badge  housings  deviated  from  linearity  especially  at  low  concentrations. 
Adsorption  of  the  hydrazines  into  the  "sintered"  teflon  stock  and  the  tool  marks  from 
machining  were  thought  to  be  responsible,  A  molded  badge  housing  with  drilled  holes 
exhibited  improved  response  results,  therefore  it  was  tested  extensively.  It  demonstrated 
a  detection  limit  of  IS  minutes  at  the  TLV,  linearity  up  to  9 1  hours,  and  stability  for  up 
to  8  days.  Deviations  were  still  observed  at  short  exposure  times  and  low  concentrations 
presumably  due  to  adsorption  on  the  Irregular  holes  (Reference  1). 

A  new  badge  was  molded  in  the  same  design  from  polyethylene.  Teflon  and 
polypropylene  materials  were  preferred,  but  were  too  difficult  to  manufacture.  The 
resulting  badge  is  inexpensive,  and  could  be  disposable. 

The  quantitative  dosimeter  must  be  returned  to  a  laboratory  for  analysis,  This  is 
acceptable  to  document  exposures,  but  an  immediate  warning  device  would  provide  better 
protection  for  workers.  Therefore,  a  scheme  for  a  new  colorimetric  dosimeter  that  will 
provide  real-time  indication  of  exposure  has  been  discovered  and  is  being  tested.  It  is 
based  on  the  reaction  of  gaseous  hydrazines  at  the  TLV  level  with  an  indicator  coated  on 
a  substrate. 

This  report  contains  laboratory  testing  of  the  molded  badge  and  the  initial 
Investigation  results  of  the  colorimetric  dosimeter. 

EXPERIMENTAL 


QUANTITATIVE  BADGE 

The  badges  are  molded  polyethylene  following  the  design  specifications  discussed  in 
an  earlier  paper  (Reference  1),  They  consist  of  a  collection  disk  and  four  molded  pieces 
which  include  a  base,  spacer,  diffusor,  and  cap.  The  cap  may  be  snapped  on  the  back  of 
the  base  during  badge  exposure  and  snapped  over  the  diffusor  for  storage  following 
exposure. 

The  diffusor  has  a  one  inch  diameter  pattern  of  144  one  millimeter  diameter  holes 
which  establishes  a  sampling  rate  of  approximately  30  ml/min.  It  is  designed  to  snap  on 
the  base  and  to  accommodate  the  cap  or  a  second  diffusor,  Multiple  diffusion  caps 
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would  provide  a  decreased  sampling  rale  and  reduce  possible  face  velocity  effects. 

A  collection  disk  made  of  polyester  matted  drafting  film  is  coated  with  an  organic 
acid  solution  and  held  in  place  with  the  spacer.  The  acid  selected  is  citric  acid 
monohydrate.  When  dissolved  in  methanol  to  form  a  30%  solution  and  aged  for  one  week 
at  room  temperature,  it  provides  an  excellent  medium  for  collection  of  hydrazines;  see 
Figure  1. 
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Figure  1 .  Citric  Acid  Collection  Layer. 


QUALITATIVE  DOSIMETER 

This  dosimeter  is  in  the  early  experimental  stages  and  currently  consist  <•*  a 
hydrazine  vapor-sensitive  coating  on  a  substrate.  A  number  of  indicators  and  substrates 
have  been  investigated,  but  no  final  decision  has  been  made.  Selection  of  the  coating 
compounds  has  been  based  on  their  ability  to  give  a  visual  indication  upon  reaction  with 
hydrazines  in  air.  The  chemistry  involved  is  the  reduction  of  aldehydes  or  ketones 
containing  chromophores.  In  some  cases,  the  addition  of  a  catalyst  is  necessary. 
Substrates  which  have  been  examined  for  this  passive  system  are  silica  gel  coated  on 
glass  and  plastic,  Whatman  filter  paper,  and  Teslin  (a  micro  porous  polymeric  membrane 
produced  by  PPG  Industries,  Inc.) 


TEST  APPARATUS  AND  ANALYSIS 


The  generation  of  the  MMH  dynamic  test  atmosphere  was  achieved  using  the  set-up 
described  in  Reference  2.  The  exposure  of  the  badges  was  accomplished  with  the  same 
glass  test  chambers  used  in  Reference  1  for  the  initial  dosimetry  investigations.  The 
face  velocity,  linearity,  relative  humidity,  and  stability  experiments  also  followed  the 
same  procedures  outlined  in  that  study. 

Analysis  of  the  badges  was  performed  by  removing  the  coating  from  the  collection 
disk  with  a  solvent  designated  by  the  selected  technique.  Two  accepted  wet  chemical 
methods  are  applicable  to  this  procedure:  couiometric  titration  (Reference  3,  a 
NRL/White  Sands  modification  miniaturized  to  achieve  the  desired  sensitivity),  and  a 


colorimetric  method  (Phosphomolybdic  acid,  NIOSH  approved  method  #S149). 

MASS  SPECTROMETRY 

To  investigate  the  composition  of  the  collection  solution,  fast-atom  bombardment 
(FAB)  mass  spectra  were  obtained  on  a  Finnigan  TSQ-70  triple  quadrupole  mass 
spectrometer.  The  samples  were  prepared  by  placing  a  drop  of  the  methanolic  citric  acid 
solutions  on  a  copper  probe  tip,  allowing  the  methanol  to  evaporate,  and  placing  a  drop 
of  glycerol  on  the  probe  tip.  The  spectra  were  obtained  by  sputtering  the  glycerol 
solution  with  an  8  K.V  xenon  fast-atom  beam  from  an  Ion  Tech  saddle-field  fast  atom  gun. 

RESULTS 

QUANTITATIVE  BADGE 

Face  velocity  testing  was  performed  on  badges  using  machined  diffusers  of  three 
different  hole  sizes  for  the  purpose  of  selecting  the  optimum  design.  The  number  of 
holes  varied  to  allow  each  design  the  same  sampling  area.  The  diffusor  design  selected 
for  production  had  a  one  inch  diameter  pattern  of  140  one  millimeter  diameter  holes. 

This  minimized  the  face  velocity  effects  without  severely  increasing  the  detection  limit. 
Designs  with  fewer  but  larger  diameter  holes  exhibited  pronounced  face  velocity  effects 
by  increasing  the  collection  rate  with  increasing  face  velocities. 

The  diffusor  selected  was  tested  with  a  MMH  gas  stream  at  face  velocities  of  2,  4, 

8,  11,  and  22  feet  per  minute.  The  test  atmosphere  was  dry  air  contaminated  with 
approximately  200  ppb  MMH,  The  badges  were  exposed  for  five  hours.  The  average 
calculated  collection  rate  was  38.3  ml/min.  with  a  minimum  of  31.4  ml/min.  and  a 
maximum  of  44.9  ml/min.  All  of  the  data  points  are  within  the  designated  +25%  as  shown 
in  Figure  2. 
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Figure  2.  The  Effect  of  Face  Velocity  on  the  Sampling  Rate  of  the  Prototype 
Diffuser. 


The  sampling  rate  of  the  molded  diffusor  was  found  ic  approximately  30  ml/min, 
which  is  less  than  that  of  the  drilled  prototype.  It  was  calculated  from  a  series  of 
exposures  to  TLV  MMH  atmospheres  ranging  in  time  from  .23  to  64.73  hours  as  shown  in 
Figure  3.  The  variation  in  the  data  for  exposures  of  one  hour  or  less  is  believed  to  be 
partially  caused  by  the  disruption  of  the  test  atmosphere  upon  insertion  of  the  badges. 
Samples  obtained  from  exposures  of  4  to  8  hours  consistently  collect  at  a  rate  of  30 
ml/min. 


Figure  3.  Sampling  Rate  of  the  Molded  Badge. 

The  linearity  of  the  badge  collection  was  tested  by  varying  the  exposure  times 
between  .23  and  64.75  hours.  The  test  atmosphere  contained  an  average  MMH 
concentration  of  200  ppb  in  air  with  45%  RH,  delivered  at  2  ft/min.  All  of  the  data 
except  a  one  hour  exposure  and  a  .25  hour  exposure,  fell  within  the  acceptable  region  as 
shown  in  Figure  4.  Fluctuations  again  at  the  .25  hour  exposures  may  be  partially  due  to 
disruption  of  the  test  atmosphere  when  the  badges  were  placed  in  the  chamber.  Also 
adsorption  on  the  badge  housing  could  be  a  factor. 


Figure  4.  Linearity  of  the  Results  Obtained  Using  the  Molded  Badge,  (assuming  a 
collection  rate  of  30  ml/min). 
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Badges  exposed  to  TLV  atmospheres  of  MMH  at  various  relative  humidities  and 
exposure  times  were  stored  capped  for  periods  up  to  62  hours.  They  ail  showed  a 
significant  toss  of  analyte  as  seen  in  Figure  5.  A  decrease  of  30%  to  73%  of  the  original 
vaiue  was  observed  after  storage  of  24  hours. 


Figure  3.  Storage  Stability  of  Exposed  Badges. 


During  the  initial  experiments  with  the  citric  acid  coating,  it  was  observed  that  the 
desired  tacky  film  could  only  be  obtained  when  the  solution  had  been  aged  at  room 
temperature  for  one  week.  This  solution  was  then  only  stable  for  a  period  of  one  week, 
it  would  be  of  interest  to  define  the  composition  of  the  solutions  at  different  points  in 
the  aging  process  and  to  determine  the  unique  characteristic(s)  of  the  properly  aged 
solution.  Samples  of  solutions  representing  the  stages  of  aging  were  investigated  by  mass 
spectrometry.  The  mass  spectra  indicated  methylation  of  the  carboxylic  acid  groups  of 
the  citric  acid.  The  freshly  prepared  solution  appeared  to  have  only  citric  acid, 

Figure  6.  The  properly  aged  collection  solution  consisted  of  citric  acid  along  with 
mono-,  di-,  and  trimethylated  esters;  see  Figure  7.  As  shown  in  Figure  8,  the  mass 
spectrum  of  a  solution  that  had  aged  too  long  indicated  the  presence  of  the  same  esters 
but  at  different  ratios,  and  a  significantly  reduced  amount  of  the  original  acid. 
Quantitation  of  the  ratios  has  not  yet  bcjn  accomplished. 


Figure  6.  FAB-MS  of  Newly  Prepared  Citric  Acid  Solution  Using  a  Glycerol  Matrix. 
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Figure  7.  FAB-MS  of  Properly  Aged  Citric  Acid  Solution. 
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Figure  8.  FAB-MS  of  an  Old  Citric  Acid  Solution  which  did  not  Perform 
Adequately  as  a  Collection  Coating. 
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QUALITATIVE  DOSIMETER 


Three  of  the  chemicals  examined  for  use  as  indicators  were  selected  for  continued 
testing.  They  were  vanillin,  anisaldehyde,  and  para-dimethylaminobenzaldehyde  (PDAB). 
Each  reacts  with  TLV  atmospheres  of  MMH  to  form  a  bright  color;  vanillin  produces  a 
lemon  yellow;  anisaldehyde  produces  a  greenish  yellow;  PDAB  produces  an  orange. 

Vanillin  was  the  first  compound  investigated  and  has  been  tested  more  extensively 
than  the  others.  The  detection  limit  for  TLV  level  exposures  is  10  to  IS  minutes.  At 
that  time  the  first  indication  of  color  is  observed;  with  continued  exposure  the  color 
intensifies.  The  upper  limit  of  detection  has  not  yet  been  established.  The  relative 
humidity  of  the  test  atmosphere  appeared  to  have  little  effect  on  the  color  development. 
Dry  air  and  air  with  4S%  RH  gave  similar  results.  Limited  interference  testing  has  been 
done  with  ammonia,  carbon  dioxide  and  carbon  monoxide.  There  appear  to  be  no  effects. 
Unexpoied  vanillin  dosimeters  have  been  stored  in  a  desiccator  for  up  to  four  months. 
Some  discoloration  was  noted,  but  they  still  produced  a  yellow  color  in  10  to  15  minutes 
of  exposure  to  TLV  levels  of  MMH. 

The  anisaldehyde  and  PDAB  do  not  appear  to  require  desicoated  storage.  Coated 
samples  have  performed  well  after  four  months  of  storage  in  zip  lock  plastic  bags,  The 
anisaldehyde  does  however  have  a  slightly  slower  response  after  extended  storage. 


CONCLUSION 

The  molded  polyethylene  badge  provides  an  excellent  housing  for  the  collection  disk. 
The  diffusor  serves  its  function  to  minimize  face  velocity  effects  while  retaining  a  TLV 
detection  limit  of  10  minutes.  The  assembling  of  the  badge  is  simplified  by  its  ability  to 
be  securely  snapped  together.  The  resulting  badge  is  durable,  inexpensive,  and 
lightweight,  which  are  desirable  qualities  of  a  disposable  personal  dosimeter. 

The  limiting  factor  in  the  performance  of  the  dosimeter  is  the  collection  solution. 

It  was  established  during  initial  investigations  that  the  coating  solution  of  methanolic 
citric  acid  monohydrate  can  not  be  used  for  a  period  of  one  week  after  preparation.  If 
used,  the  coating  crystalizes  which,  based  on  mass  spectrometry  data,  we  now  believe  to 
be  composed  of  mostly  citric  acid.  This  coating  will  not  effectively  collect  the 
hydrazines.  A  different  type  of  crystal  growth  develops  when  the  solution  is  more  than 
two  weeks  old.  At  this  point  the  mass  spectrometry  data  indicates  the  majority  of  citric 
acid  has  been  converted  to  the  methyl  esters.  In  a  properly  aged  solution,  a  coating, 
which  is  a  tacky  film  is  comprised  of  a  mixture  of  citric  acid  and  the  mono-,  di- ,  and 
trimethylated  esters.  The  results  obtained  with  this  coating  are  consistently  within  the 
specified  25%  of  actual,  There  were  no  interference  effects  from  ammonia,  freons,  and 


isopropyl  alcohol.  In  addition,  relative  humidity  appears  to  have  a  minimal  effect  on  the 
collection  rate. 


Further  investigation  is  being  performed  on  the  cured  citric  acid  solution  to 
determine  the  ratios,  of  the  methyl  esters.  It  is  believed  that  the  storage  stability 
problems  encountered  are  caused  by  the  collection  solution  and  may  be  due  to  improper 

aging. 

Another  approach  is  to  avoid  the  stability  problem  by  immediate  analysis  of  the 
collection  disk.  With  a  colorimetric  dosimeter  used  as  a  qualitative  indicator  in 
combination  with  the  citric  acid  badge,  the  latter  could  be  removed  and  turned  in  for 
quantitative  analysis  upon  indication  of  exposure.  When  analyzed  immediately  the  badge 
has  shown  reproducible  and  accurate  results. 

The  chemicals  vanillin,  anisaldehyde,  and  PDAB  have  shown  excellent  potential  as 
colorimetric  indicators.  The  coated  substrates  have  exhibited  a  reasonable  shelflife  for 
each  of  the  compounds.  There  appear  to  be  no  effects  from  humidity  or  interferants 
(carbon  dioxide,  carbon  monoxide,  and  ammonia)  on  the  performance  of  vanillin. 
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ABSTRACT 

A  naw  aablant  air  monitoring  lnstruaant  daaignad  specifically  for  detec¬ 
tion  of  airborne  lavala  of  tha  three  hydrazine  propellants*  hydrazine*  mono- 
mathylhydrazlna*  and  unsyaaetrical  diaethylhydraslne.  has  bean  developed  under 
U.S.  Air  Force  sponsorship.  The  objective  of  this  work  la  a  fast-reiponse, 
wids-response  range*  sub-TLV  detector  for  these  propellants*  with  high  spec¬ 
ificity*  insuring  interference-free  monitoring  at  very  low  vapor  levels.  The 
detection  method  relies  on  ths  unique  chemistry  that  occurs  between  the  hydra- 
sine  fuel  vapors  and  acetaldehyde.  A  two-channel  fuel  vapor  detection  system 
based  on  this  chemistry  and  NO  chemiluminescence  has  been  demonstrated  to  meet 
many  practical  detection  needs.  This  technology  has  now  been  applied  to  a 
multiple-channel  system,  which  monitors  for  both  fuel  and  oxidizer  vapors, 
and  is  capable  of  fully  automatic  operation. 

INTRODUCTION 

The  hydrazine  propellants*  hydrazine  (HZ),  monomathylhydrazlne  (MKH), 
end  1*1  dlmathylhydrasine,  (uneymmatrlcal  dlmethylhydrazlne)  (UDMH) *  are  used 
in  large  quantities  by  tha  military  and  NASA.1*  These  propellants  are  being 
used  both  individually  and  as  mixtures  for  primary  rocket  propellants,  small 
spacecraft  and  satellite  thrusters*  and  in  emergency  electrical  systems  in 
some  military  aircraft.  Because  of  their  wide  use  and  the  known  toxicity  of 
these  propellants*  there  has  been  an  ongoing  need  for  reliable  detection  of 
the  vapors  of  these  propellants.  A  historic  survey  of  the  ACG1H  permissible 
exposure  levels  for  these  compounds  also  shows  that  as  more  has  been  learned 
of  their  toxicity,  the  lower  the  permissible  levels  have  become.  This  lower¬ 
ing*  in  turn*  has  put  pressure  on  the  performance  of  existing  vapor  detectors* 
and  has  led  to  the  development  of  several  new  types  of  vapor  detectors. 

Thermedlcs  became  involved  in  the  development  of  hydrazine  vapor  detec¬ 
tors  as  a  result  of  a  need  for  an  Improved  system  for  the  Titan  II  silo. 2 
The  requirement  called  for  measuring  both  Aarosine  50  and  nitrogen  tatroxlde 
vapors.  Existing  NO  chemiluminescence  technology,  the  preferred  measurement 
method  used  for  many  years  for  ambient  oxides  of  nitrogen  monitoring*  was  tha 
obvious  choice  for  oxidizer  vapors.  To  uss  ths  same  technology  for  Aerozlne 
50  vapors*  Thermedlcs  developed  a  method  to  convert  fuel  vapors  to  NO.  allow¬ 
ing  these  vapors  to  be  detected  with  the  same  system.  This  approach  was  de¬ 
veloped  under  an  Air  Force  contract  in  1982*  and  a  system  was  successfully 
field  tested  both  in  a  Titan  II  silo,  and  for  two  years  at  the  Titan  III 
facility  at  Vandenberg  Air  Force  Base. 


*This  work  was  supported  by  the  U.S.  Air  Force  (USAF/AFSC)  under  Contract 
No.  F04701-83-C-0069 . 


Th«  original  Titan  II  raqulramant  was  uniqua  in  that  detaction  of  the 
Aerozine  SO  vapor  is  essentially  the  detection  of  UDMH  vapor.  Any  Aerozine 
spill  creates  mostly  UDMH  vapor ,  with  only  approximately  10  percent  of  the 
vapor  being  HZ.  Most  other  hydrazine  detection  problems  ,  however ,  require 
the  detector  to  respond  to  one  or  both  o£  the  other  two  hydrazines.  HZ  itself, 
or  MMH.  An  additional  requirement  that  has  become  Important  for  any  new  de¬ 
tection  approach  is  specificity.  The  need  to  accurately  monitor  every  lower 
levels  has  increased  the  problem  of  interferences.  An  excessive  number  of 
false  alarms  in  a  system  caused  by  responses  to  nonhydrazine  vapors  renders 
the  system  useless.  Therefore,  as  new  approaches  are  developed,  one  of  the 
main  requirements,  besides  accurate  low-level  measurement,  is  the  need  to  be 
highly  specific. 


Because  the  original  Titan  XI  system  developed  by  Thermedlcs  is  not  ap¬ 
propriate  for  measuring  the  other  hydrazines,  the  Air  Force  has  sponsored  the 
development  of  a  more  general  detection  method  based  on  the  same  chemilumi¬ 
nescence  approach.  Xn  undertaking  this  development,  the  overall  objective 
was  not  only  to  measure  the  three  hydrazines,  but  to  achieve  as  many  of  the 
features  considered  important  for  new  systems  as  possible.  The  result  should 
have  a  wide  dynamic  range,  but  still  provide  accurate  results  at  sub-TLV 
levels.  Xt  should  have  a  fast  response  to  be  able  to  immediately  indicate 
vapors  from  a  fuel  or  oxidizer  leak.  And  finally,  it  should  be  highly  spe¬ 
cific  to  fuel  and  oxidizer  vapor  to  minimise  falsa  readings.  The  results  of 
this  development  work  are  the  subject  of  this  paper. 

DETECTION  OF  PROPELLANT  VAPORS  WITH  CHEMILUMINESCENCE 


The  chemiluminescence  of  nitric  oxide  (NO)  with  ozone  has  been  the  method 
of  choice  for  many  years  for  measuring  the  ambient  levels  of  the  oxides  of 
nitrogen  in  the  environment.  The  basic  chemistry  of  this  detection  method  is 
shown  in  Equations  1-3. 


NO  +  03- 
NOJ  +  M« 

NOJ- - —■ ■gw  NO 2  +  hV  (600-1800  tun) 


N02  +  M» 


(1) 

(2) 
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Nitric  oxide  combines  with  ozone  to  form  NO2  in  an  excited  energy  state.  The 
NO2  loses  this  energy,  cither  through  a  collision  with  another  molecule  or 
by  giving  off  light  in  the  near  infrared.  This  light  can  be  easily  detected 
at  extremely  low  levels.  Figure  1  indicates  a  typical  detection  system.  In 
this  case,  the  detector  is  a  cooled  photomultiplier  tube.  The  sample  is  mixed 
with  ozone  in  front  of  the  tube  at  low  pressure.  The  low  pressure  uinimizeo 
the  chances  that  the  NO$  will  lose  energy  through  a  collision.  A  bandpass 
filter  in  front  of  the  detector  allows  light  to  pass  through  to  the  detector 
only  in  the  wavelength  range  of  interest. 

Other  oxides  of  nitrogen,  such  as  NO2  and  molecules  containing  nitrogen  in 
their  structure,  can  be  detected  using  NO  chemiluminescence  by  first  convert¬ 
ing  the  nitrogen  in  the  molecule  to  NO.  This  lc  usually  accomplished  by  heat¬ 
ing  the  sample  in  the  presence  of  air  and  a  catalyst. 


Nitrogen  Compound 
(NO  ,  R-N,  NH3  etc) 


Heat 


NO  +  Combuition  Products 


(4) 


Figure  1.  Reaction  Chamber  Design  for  a  Chemiluminescence 
Nitric  Oxide  Detector 


This  is  the  technique  used  to  measure  UDMH  and  NO2  in  the  original  Titan  II 
vapor  detector  application.  In  order  to  measure  both  fuel  and  oxldiser  vapor 
levels  independently,  two  detection  channels  are  required,  as  shown  in  Figure 
2.  The  two  channels  are  identical  except  for  the  conversion  conditions.  A 
high-temperature  pyrolyser  is  used  to  convert  UDMB  to  NO.  At  the  conditions 
of  this  converter  1  both  UDMH  and  NO2  are  converted  to  NO. 


NO  +  Combustion  Products 
NO 


(5) 


The  second  channel  utilizes  a  converter  designed  to  selectively  convert  NO2. 
At  these  conversion  conditions,  UDMH  does  not  produce  NO. 


400  Deg  C 

N02 - ►NO  () 

UDMH  +  O2  - .  ►  Conversion  Products 

Catalyst 

The  fuel  and  oxidizer  levels  in  a  sample  are  obtained  by  manipulating  the 
signal  outputs  from  the  two  chemlumlnescsnce  chambers  shown  in  Figure  2.  The 
difference  in  the  two  signals  is  proportional  to  the  level  of  fuel  in  the 


263 


sample  because  no  fuel  signal  Is  obtained  from  the  oxidizer  channel.  Since 
there  is  no  fuel  response  In  the  latter ,  the  oxidizer  channel  output  is  pro¬ 
portional  to  the  oxidlser  level. 


Figure  2.  Chemiluminescence  Analyser  for  UDMH  and  NO^  Detection 


The  detector  design  shown  In  Figure  2  is  the  design  used  for  the  Titan  II 
system.  Two  chemiluminescence  chambers  ara  used  with  sample  flowing  contin¬ 
uously  through  both.  A  single  photomultiplier  tube  detector,  combined  with  a 
shutter  to  select  one  or  the  other  chamber  is  used  as  a  light  detector.  The 
continuous  flow,  combined  with  the  inherently  fast  ozone  chemiluminescent 
reaction,  results  in  a  nearly  instantaneous  measurement  of  the  vapor  levels. 
Continuously  measuring  the  light  output  of  each  chamber  for  short  Intervals 
and  calculating  the  resultant  vapor  levels  provides  real-time  tracking  of  the 
vapor  levels. 

One  Important  aspect  of  the  NO  chemiluminescence  approach  is  its  inherent 
wide  dynamic  range.  The  NO-osone-light  output  reaction  is  linear  up  to  NO 
levels  thet  exhaust  the  supply  of  ozone.  For  the  PFVDS  design,  this  upper 
limitation  is  approximately  300-300  ppm  of  fuel  or  oxidlser.  Since  a  PMT 
detector  is  a  wide  range  linear  detector,  it  produces  a  linear  output  over 
the  entire  range.  The  low  detection  limit  is  determined  by  the  noise  level 
of  the  PMT.  For  the  PFVDS  this  is  at  approximately  0.010  ppm  of  fuel  or 
oxidizer. 

The  NO  chemiluminescence  approach  achieves  another  Important  goal,  that 
of  selectivity.  Table  1  indicates  the  measured  output  for  fuel  and  oxidizer 
of  the  two-channel  system  of  Figure  2  for  a  variety  of  interferent  compounds. 
Because  NO  chemiluminescence  has  few  interference  from  hydrocarbons,  the  sys¬ 
tem  rejects  most  of  these  interference  with  a  high  rejection  ratio.  Only  am¬ 
monia,  which  is  a  nitrogen-containing  compound,  indicated  a  substantial 
signal.  For  the  Titan  II  silo  application,  this  ammonia  response  was  not 
considered  a  problem. 
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TABLE  I.  TITAN  II  SYSTEM  INTERFERENCE  RESPONSES 


FUEL  INPUT:  I.S  PPM 
OXIDIZER  INPUT:  1.7  PPM 


INTERFERENT 

CONCENTRATION 

(PPM) 

REJECTION  RATIO 

FUEL 

CHANNEL 

OXIDIZER 

CHANNEL 

TOLUENE 

110 

+1100:1 

-11000:1 

ETHYLACBTATE 

110 

-2200:1 

00 

HEXANE 

110 

+  733:1 

QO 

METHANOL 

100 

-3333:1 

-  2000:1 

ACETONE 

100 

+  1428:1 

00 

PENTANE 

110 

+  1571:1 

-11000:1 

FREON  -113 

100 

+2000:1 

-10000:1 

DICHLOROMETHANE 

95 

-  950:1 

-  4750:1 

AMMONIA 

125 

+  2:1 

+  250:1  • 

HYDROGEN  SULFIDE 

100 

-1000:1 

00 

SULFUR  DIOXIDE 

100 

m 

-  4000:1 

HYDRAZINE,  MMH 

100 

+  20:1 

+  400:1 

NO 

100 

+  150:1 

-- 

NO. 

UDMH 

20 

too 

+  105:1 

mm 

+  200:1 

WATER  VAPOR 

701  R.H. 

>-50000: 1 

* 

Although  tha  system  has  a  substantial  rasponsa  for  ammonia.  Tabls  I  indi- 
catas  that  its  rasponsa  to  HZ  and  MMH  is  vary  low.  3  parcant  or  lass  of  tha 
actual  laval.  This  occurs  bacausa  tha  tharmal  and  catalytic  conditions  that 
convert  UDMH  to  NO  tand  to  convert  these  two  hydrasinas  to  mostly  nitrogen 
gas.  Thus,  tha  system  designed  for  tha  Titan  II  application  cannot  ba  affec¬ 
tively  used  for  tha  other  two  hydrasinas. 

DERIVATIVE  DETECTION  OF  HYDRAZINES 

Although  tha  original  system  filled  tha  need  for  tha  Titan  II  silo  moni¬ 
toring  system,  its  lack  of  rasponsa  for  HZ  and  MMH  means  that  it  cannot  ba 
used  for  mors  general  propellant  vapor  detection.  In  addition,  detection  of 
propellants  in  tha  Space  Shuttle  system  brings  up  tha  need  to  have  good  re¬ 
jection  for  ammonia  vapor.  These  two  shortcomings  of  ths  original  datactlon 
approach  established  the  goals  for  an  improved  detection  approach.  Two  years 
of  development  work  resulted  in  a  modification  of  the  chemiluminescent  ap¬ 
proach  which  retains  the  basic  performance  characteristic  of  the  original 
system,  but  allows  all  three  hydrasinas  to  be  detected  with  Increased  rejec¬ 
tion  of  nonhydrasine  vapors. 

The  etartlng  point  for  developing  a  new  approach  was  a  thorough  investi¬ 
gation  of  the  oxidation  of  the  three  hydrazines.  The  results  of  both  theo¬ 
retical  and  experimental  investigations  is  summarized  in  Figure  3.  HZ  and  MMH 
tend  to  oxidize  to  nitrogen  gas.  while  the  oxidation  of  UDMH  produces  both  NO 
and  nitrogen  gas.  No  conditions  have  been  found  that  produce  nearly  equal 
amounts  of  NO  from  all  three  hydrazine  vapors. 
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Figure  3.  Oxidation  of  Hydrazine  Propellants 


Bacauaa  dlraot  oxidation  of  tha  hydraalnaa  cannot  ba  mada  to  work,  a 
varlaty  of  othar  approachaa  vara  eonaidarad.  From  thla  work,  tha  ldaa  of 
darlvatlaatlon  of  tha  hydraalnaa  davalopad.  Baalcally,  tha  idaa  la  to  con* 
vart  tha  vapora  of  tha  hydraalnaa  into  compounda  which  can  ba  oxldlzad  to  NO. 
Savaral  problama  ariaa  with  thla  approach.  Firat,  all  thraa  hydraalnaa  hava 
to  ba  convartad  in  auch  a  way  that  tha  NO  formad  from  aach  ara  naarly  equal, 
in  ordar  to  provlda  aqual  raaponaaa.  Sacond,  tha  darlvatlaatlon  haa  to  occur 
rapidly  In  tha  gaa  phaaa,  lmmadlataly  alimlnatlng  many  poaaibla  raactiona. 
Third,  tha  raaotion  haa  to  ba  llnaar  ovar  a  wlda  ranga  of  hydrazina  vapor 
lavala.  Finally,  tha  darlvatlzlng  matarlal  haa  to  ba  aaay  to  atora  and  ba 
practical  to  inject  into  tha  gaa  atraam.  Both  liquid  and  aolld  matariala 
vara  lnvaatigatad.  After  many  taata,  it  waa  found  that  tha  hydrazona-azlna 
derivative*  formad  by  uaing  acetaldehyde  produced  tha  daairad  raaulta.  Figure 
4  indicataa  tha  raactiona  that  occur.  Acataldahyda  vapor  ia  mixed  with  tha 
vapor  of  tha  hydraalnaa.  In  all  thraa  cases,  a  derivative  la  formad,  a  hydra* 
zona  or  azina.  Whan  thaaa  ara  heated  in  tha  praaanca  of  a  catalyat  in  air 
they  form  NO,  aa  ahovn  in  Figure  5.  Experimental  raaulta  indicate  that  HZ 
and  MMH  produce  approximately  one  mole  of  NO  for  each  mole  of  hydrazine, 
while  UDMH  producaa  more  than  one  mole  par  mole. 

Figure  6  indicatoa  a  fuel  vapor  detection  ayatam  baaad  on  the  derivative 
approach.  Tha  detector  conaiata  of  two  identical  channala  operating  at  the 
aame  temperature  and  uaing  the  aama  catalyst.  Acataldahyda  ia  introduced 
into  ona  channel.  Tha  delivery  ayatam  conaiata  of  a  volume  of  liquid  aldehyde 
in  a  tank  preaeurized  with  nitrogen.  A  flow  reatrictor  controla  the  flow  of 
nitrogen-aldehyde  into  tha  aample  atraam.  The  NO  signal  ia  measured  in  both 
channala,  and  tha  difference  ia  tha  amount  of  hydrazinea  in  tha  aampla.  The 
derivative  channel  ia  called  tha  fuel  channel,  and  tha  aacond  channel  tha 
reference  channel.  Tha  reference  channel  is  idantical  with  tha  fuel  channel 
of  tha  original  Titan  XI  design. 
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Figure  4.  Acetaldehyde-Hydrazine  Propellant  Reaction  Producta 
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Figure  5.  Oxidation  Reaction!  of  the  Hydrazine  Propellant 
Aldehyde  Derivatives 


Figure  6.  Hydrazines  Detector  System 
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The  ideal  output  of  this  system  is  shown  in  Table  II.  Because  the  two 
channels  are  identical,  any  material  that  does  not  react  with  the  acetalde¬ 
hyde  produces  an  Identical  output  in  each  channel;  therefore,  the  difference 
signal  is  0.  For  the  three  hydrazines,  the  output  of  the  fuel  channel  is  in¬ 
creased  because  of  Che  derivative  oxidation.  For  HZ  and  MMH,  the  output  of 
Che  fuel  channel  la  one  MO  per  molecule  of  fuel,  while  for  UDMH  it  is  two. 
However,  the  higher  UDMH  signal  is  balanced  by  the  higher  output  for  UDMH 
in  the  reference  channel.  When  the  operating  conditions  are  properly  ad¬ 
justed,  all  three  hydrazines  will  produce  nearly  equal  difference  signals 
with  this  system. 

TABLE  IX.  NITRIC  OXIDE  FORMATION  FROM  AIRBORNE  PRECURSORS 
IN  THE  HYDRAZINES  DETECTOR  PYROLYZERS 


COMPOUND  SPECIES 


OXIDATION  PRODUCT 

REFERENCE 

CHANNEL 

ALDEHYDE 

CHANNEL 

FUEL 

AMINES 
NITRO  COMPOUNDS 
CYANO  COMPOUNDS 
HYDRAZINE 
MMH 
UDMH 


The  actual  performance  of  the  derivative  system  is  close  to  the  theo¬ 
retical  prediction  of  Table  II.  Tests  performed  with  all  three  hydrazines 
with  a  system  of  the  design  of  Figure  6  gave  the  results  below: 


FUEL  &  LEVEL 


HZ  5. 
MMH  5. 
UDMH  2. 


FUEL  CHNL 


OUTPUTS 

REFERENCE  CHNL 


DIFFERENCE 


3.9  (78X) 
4.4  (88X) 
4.8  (96X) 


These  readings  differ  from  the  theoretical,  and  the  UDMH  readings  for  the 
reference  channel  differ  from  the  original  Titan  II  system  performance  read' 
Inga  because  the  pyrolyzer  operating  conditions  have  been  tuned  to  achieve 
as  close  a  match  as  possible  between  the  difference  signals  for  tho  three 
fuels. 


Tha  amount  of  acetaldehyde  In  the  sample  stream  determines  the  complete¬ 
ness  of  the  aldehyde-hydrazine  reaction  and  the  linearity  of  the  detector  at 
high  fuel  vapor  concentrations.  Experiments  have  determined  that  levels  be¬ 
tween  1500  and  2500  ppm  of  aldehyde  are  sufficient  to  achieve  almost  complete 
conversion  of  any  hydrazins  in  the  sample,  and  will  provide  a  linear  response 
for  vapor  levels  up  to  at  least  100  ppm. 

The  specificity  of  the.  derivative  approach  has  been  demonstrated  by  its 
response  to  ammonia.  Ammonia  is  represantative  of  a  variety  of  nitrogen- 
containing  compounds  that  might  be  in  an  air  sample.  In  addition,  it  is  of 
particular  interest  to  shuttle  operations  because  ammonia  is  used  on  the 
shuttle.  Several  tests  have  been  run  with  ammonia  levels  in  the  1.0  to  9.0 
ppm  range,  and  the  results  have  shown  that  the  difference  signal  is  less  than 
1  percent  of  the  ammonia  level  being  applied. 3  These  results  indicate  that 
the  system  should  have  a  similar  rejection  ratio  for  other  compounds  of  the 
same  type.  This  is  one  of  the  strongest  points  of  ths  derivative  technique. 

It  has  a  very  high  specificity  for  the  hydrazines. 

In  order  for  a  detection  system  based  on  the  derivative  approach  to  be 
responsive  to  both  fuel  and  oxidizer  vapor,  another  detection  channel  has  to 
be  added,  one  that  responds  to  the  oxidizer  only.  The  same  design  that  was 
used  in  the  original  Titan  II  system  can  be  used.  (See  Figure  2.)  The  result 
is  the  three-channel  design  shown  in  Figure  7.  The  two  fuel  channels  produce 
the  fuel  reading  using  their  difference  signal.  The  oxidizer  channel  has  no 
response  to  the  hydrazines  or  other  nitrogen  compounds,  such  as  ammonia; 
therefore,  its  output  is  the  oxidizer  vapor  level  in  the  sample. 


Figure  7.  Design  of  a  Hydrazines  and  Oxidizer  Detection  System 


Vith  the  three-channel  design,  additional  information  can  be  obtained 
from  the  three  signals  generated.  Once  the  fuel  and  oxidizer  levels  have  been 
determined,  these  levels  can  be  subtracted  from  either  the  fuel  or  reference 


channel  signal  lsvsl.  What  remains  Is  an  Indication  of  the  level  of  ammonia 
or  other  nitrogen-containing  vapor  in  the  sample.  As  a  result,  this  config¬ 
uration  can  provide  not  only  fuel  and  oxidizer  levels,  but  also  the  levels  of 
ammonia  and  other  materials  of  this  type  in  the  sample.  The  relationships 
for  all  of  these  outputs  are  shown  in  Equations  7,  8  and  9. 

(ppa)fuel  "  Cf  *  <pp®£  "  ppmrJ 

(PP»)0Jt  ■  C0  •  (ppm0)  (8) 

(Pp«)nlt  "  cn  *  tPP“r  “  ci  ‘  (PP®)fuel  "  C2  *  (ppm)0xJ  (9) 

ppm.,  ppm  ,  ppm  -  NO  outputs  for  fuel,  reference  and 
1  r  0  oxidizer  channels 

(ppn)#,,-!*  (PPa)--»  -  PP»  levels  readout  for  fuel, 

ruex  ox  me  0XidiB#r,  nitrogen  compounds 

The  parameters  Cf,  C0,  and  Cn  are  calibration  constants  that  convert  the  ppm 
NO  outputs  of  the  chemiluminescent  detection  chambers  into  levels  of  fuel, 
oxidizer,  and  nitrogen  compounds.  C],  and  C2  are  the  conversion  factors  for 
fuel  and  oxldiser  in  the  reference  channel.  C],  is  an  average  for  the  three 
kinds  of  hydrazines. 

MULTIPLE-CHANNEL  FUEL-OXIDIZER  DETECTION  SYSTEM 

Part  of  the  original  developmant  program  for  the  Titan  II  application  was 
the  construction  of  a  multiple-sample,  fully  automatic  vapor  analyzer  system 
called  the  Propellant  Fixed  Vapor  Detection  System  (PFVDS).  This  system  was 
intended,  at  that  time,  to  be  a  replacement  for  the  existing  fixed  system  in 
the  Titan  silos.  Following  the  deactivation  of  the  Titan  II  system,  the 
PFVDS  was  field  tested  at  the  Titan  III  facility  at  Vandenberg  AFB.  After 
the  successful  demonstration  of  the  derivative  method  for  general  hydrazine 
detection,  the  PFVDS  was  redesigned  to  incorporate  this  new  technology.  It 
utilizes  the  three-channel  detection  approach  shown  in  Figure  7.  The  overall 
design  of  the  system  is  shown  in  block  diagram  form  in  Figure  8.  The  system 
hae  nine  individual  sample  inlet  lines  which  consist  of  3/8-in. -o.d.  FEP 
Teflon  tubing.  All  the  lines  can  be  individually  controlled.  The  sample 
inlet  consists  of  a  Teflon  filter  and  flame  arrestor.  Up  to  500  feet  of 
sample  line  can  be  used:  however,  very  long  sample  lines  slow  the  response 
of  the  system.  Valving  inside  the  main  system  enclosure  selects  which  sample 
to  analyze.  The  three-channel  analyzer  then  measures  the  vapor  levels  in  the 
selected  sample.  All  of  the  operation  of  the  system  Is  controlled  by  a 
microprocessor-based  controller.  Because  the  main  console  should  be  close 
to  the  sampling  points,  the  system  is  equipped  with  a  remote  readout  and  con¬ 
trol  console,  the  Vapor  Detector  Annunciator  Panel  (VDAP).  This  unit  controls 
the  system  and  provides  a  remote  readout  of  the  vapor  levels.  It  can  be  lo¬ 
cated  up  to  5000  feet  from  the  main  console.  In  addition  (particularly  for 
NASA  shuttle  uee) ,  the  eyetem  is  equipped  with  a  computer  interface  to  the 
Launch  Processing  System  (LPS)  to  allow  control  and  readout  of  the  system 
through  a  central  computer. 


Figure  8.  Block  Diagram  of  tha  Principal  Modules  of  the  PFVDS 


Tha  main  console  of  eha  PFVDS  (saa  Flgura  9)  contains  all  of  tha  compo¬ 
nents  for  tha  analyxar  and  sample  system!  and  can  ba  a  stand-alone  unit.  Tha 
control  panel  of  the  console  provides  complete  operational  control  of  the 
system.  However,  whan  remote  manual  operation  is  required,  the  system  Is 
operated  from  the  VDAP  (Figure  10).  Computer  control  of  the  system  occurs 
through  the  LPS  Interface,  a  module  in  the  upper  half  of  the  main  console. 
This  Interface,  which  consists  of  a  combination  of  digital  and  analog  signals 
(68  in  all)  provides  information  to  a  central  controller  and  receives  opera¬ 
tional  commands  from  it. 


A  variety  of  operating  modes  are  available  with  the  PFVDS.  One  sample 
line  can  be  sampled  continuously,  or  all  the  active  samples  can  be  sampled  in 
order.  The  number  of  sample  lines  that  are  active  can  be  programmed,  as  well 
as  how  long  each  one  is  to  be  sampled.  In  addition  to  the  fixed  or  scan 
modes,  there  is  a  mode  that  continuously  samples  all  of  the  active  samples. 

If  a  vapor  level  is  detected  in  this  combined  sample,  the  system  will  scan  the 
active  samples  to  find  the  location  of  the  vapor  level.  The  system  reports 
the  levels  of  fuel,  oxidizer,  and  "amines"  in  each  sample.  The  amines  reading 
is  the  ammonia  and  other  nitrogen  compounds  channel.  The  system  can  be  pro¬ 
grammed  to  indicate  two  levels  of  alarms  for  each  channel  and  for  each  of 
these  readings.  All  of  these  levels  are  adjustable.  For  system  maintenance, 
two  forms  of  calibration  can  be  performed,  either  manual  or  fully  automatic, 
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Figure  9.  PFVDS  Syatem  Conaole 
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Figure  10.  VDAP  Dieplay-Controllar  Moduli 


Cha  lattar  aithar  on  command  or  avary  24  houra.  To  enaure  that  any  malfunc¬ 
tion  la  not  overlooked,  tha  ayataa  lncotporataa  an  automatic  diagnoatlca  aya- 
tam  which  contlnuoualy  chacka  on  critical  paramatara  and  flaga  any  incorract 
raadlnga  with  a  combination  of  malfunction  indicatora  and  maaaagaa  on  tha 
ayatam  diaplaya. 

Tha  updated  PFVDS  haa  baan  daalgnad  to  meet  tha  general  range  of  needs 
for  propellant  vapor  detection  in  Space  Shuttle  type  applicatlona.  For  thia 
uaa ,  meaaurcment  of  hydraxina,  and  MMH  are  tha  primary  concern.  Tha  PFVDS 
la  daalgnad  to  have  a  linear  maaauramant  range  for  hydraxina.  MMH,  and  oxi¬ 
dizer  of  0  to  100  ppm.  Tha  daalgnad  low  maaauramant  limit  of  tha  ayatam  is 
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O.OL  ppm,  allowing  accurate  readings  to  be  made  to  below  present  and  antici¬ 
pated  TLV  levels.  The  amine  channel  also  allows  the  system  to  monitor  am¬ 
monia  levels,  an  important  feature  for  shuttle  applications.  Because  one 
analyzer  is  shared  between  the  nine  samples,  the  speed  of  recovery  of  the 
analyzer  la  Important.  Significant  design  effort  went  into  the  oystem  to 
minimise  this  time. 

Recent  performance  testing  of  the  updated  system  demonstrates  how  well 
the  PFVDS  has  met  these  design  goals.  Figure  11  indicates  the  response  for 
hydrazine,  MMH,  and  NO2.  The  response  is  basically  linear  over  the  target  0 
to  100  ppm  range,  with  only  a  slight  nonlinearity  in  the  hydrazine  response. 
The  difference  in  response  to  hydrazine  and  MMH  is  similar  to  that  seen  in 
the  original  derivative  testing,  and  is  caused  by  differences  in  the  conver¬ 
sion  efficiencies  of  the  fuel  and  reference -channels  for  the  two  vapors. 


The  measured  noise  level  of  the  system  is  between  0.01  ppm  for  the  oxi¬ 
dizer  channel,  and  0.02  ppm  for  the  fuel  channel,  based  on  standard  deviation 
measurements. 

The  response  of  the  updated  PFVDS  to  typical  interferent  materials  is 
shown  in  Teble  III.  As  would  be  expected  from  the  derivative  technique,  the 
results  for  fuel  and  ammonia  responses  are  significantly  Improved  from  the 
original.  The  derivative  approach  enables  the  system  to  respond  to  hydrazine 
and  MMH,  but  to  discriminate  against  ammonia  and  other  nitrogen-containing 
compounds . 
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T4BLE  III.  SYSTEM  INTERFERENCE  RESPONSES 


CONCINTRATION 

(ppm) 

INTIRPIF 

INT  RISPONS8,  ppm 

PUIL 

CHANNIL 

AMINE 

CHANNIL 

OXIDIZKR 

CHANNIL 

AC8TOK8 

13) 

^■0.00083 

0 

4-0.00030 

CYCLOHIXANS 

iu 

4-0,00080 

0 

4-0.00038 

TOLUINI 

108 

4-O.OOOSS 

0 

4-0.00088 

MCK 

1312 

4-0.0001$ 

0 

4-0.00131 

M8THANOL 

181 

0 

0 

44.00084 

ISOPROPYL  ALCOHOL 

108 

-0.00037 

0 

4-0.00037 

PINT AN I 

188 

4-Q.Q0Q81 

(i 

0 

PRION- m 

127 

4-0.00080 

0 

4-0.00024 

OICHLOROMlTHANI 

178 

4-0.00028 

0 

-0.00011 

AMMONIA 

111 

-0.01$ 

- 

-0.0022 

HYOROCfcN  lUl.PiDI 

121 

4-O.OOOSO 

0 

-0.002$ 

SULFUR  OIOXIDI 

117 

4-0.0018 

0 

-0.0010 

HYDROZINR 

1.1 

0.827 

0 

0 

MMH 

0.88 

1.11$ 

0.08 

0 

NO,  NO, 

8.18 

0 

0 

1.00 

WATIR  VAPOR 

sat  K.H. 

-0.00002 

-0.00002 

0 

NOTIt  t.  The  above  data  arc  the  ppm  of  fuel,  amine  or  oxldiier 
obtained  from  1  ppm  of  Interfered. 

3.  The  aecond  column  thowi  the  actual  level  of 
interfered  concentration  uaad  during  the  taata. 


Because  tuny  vapor  measurement  situations  involve  msasuramsnts  outdoors, 
the  reeponsa  of  the  system  with  varying  humidity  is  important.  Table  IV  indi¬ 
cates  the  measured  performance  of  the  PFVDS.  Except  at  extreme  conditions 
humidity  has  only  a  smell  influence  on  the  sensitivity  for  fuel  vapors,  and 
almost  no  influence  on  oxldiser  measurements. 


TABLE  TV.  PFVDS  RESPONSE  TO  DIFFERENT  HUMIDITY  LEVELS 


HUMIDITY  LEVEL  (RH) 

01 

201 

sot 

901 

MMH 

INPUT  LEVEL,  ppm 

0.  95 

1.02 

0.96 

0.91 

SYSTEM  READING,  ppm 

0.86 

1.19 

1.07 

0. 65 

HX 

INPUT  LEVEL,  ppm 

1.20 

1.20 

1.10 

1.08 

SYSTEM  READING,  ppm 

0.62 

0.80 

1.02 

1 . 45 

NO. 

INPUT  LEVEL,  ppm 

2.12 

2.12 

.... 

2.12 

4 

SYSTEM  READING,  ppm 

2.39 

2.28 

-- 

2. 10 

The  response  time  for  fuel  and  oxidizer  vapor  measurements  Is  shown  In 
Table  V.  In  all  cases  the  system  indicates  a  first  response  within  20  sec¬ 
onds  of  applying  a  vapor  level.  As  would  be  expected  the  response  time  to 
75  percent  of  the  final  level  for  hydrazine  and  MMH  is  significantly  slower 
than  for  NO2.  However,  except  for  extremely  fast  scan  rates,  the  system  will 
always  detect  e  level  in  e  sample  line,  end  will  have  little  carryover  to  a 
subsequent  sample,  except  in  the  case  of  e  very  high  sample  level  in  one  line, 
and  no  sample  in  the  subsequent  line. 


TABLE  V.  RESPONSE  TIMES  OF  PFVDS 


HZ _ I  MMH  I _  NO  j 


L 

pmsT 

OITICTION 

7ft!  OP 

SIQNAL 

PIMT 

OITICTION 

71!  OP 
SIGNAL 

PIMT 

OITICTION 

7ft!  OP 
SIGNAL 

III  M 

OOINC  UP 

11  MS 

ft]  tss 

1ft  M 

It!  MC 

1ft  us 

11  tss 

COINC  DOWN 

10(  IK 

-- 

*7  too 

1ft  IK 

NOTIi  Cslng  up  Mining  «hs  ilgnsl  flu  wwl  gains  dawn  Mining  tha  ilgnil  fall. 


These  performance  data  for  the  updated  PFVDS  system  demonstrate  the  capa¬ 
bilities  of  ths  chemiluminescent-derivative  approach  for  propellant  detection. 
The  current  statue  of  this  system  is  that  it  has  been  completed,  end  will  soon 
be  delivered  to  the  Naval  Research  Laboratories  for  further  laboratory  tast¬ 
ing,  after  which  it  is  scheduled  to  be  field  tested  at  NASA  shuttle  facilities 
in  Florida. 
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ABSTRACT 

A  diluta  acidic  axtraction  method  was  davalopad  to 
quantitativaly  axtract  thraa  hydrazinas  (hydrazina,  HZ; 
monomethylhydrazine,  MMH;  and  unsymmatrical-dimethylhydrazina, 
UDMH)  from  soil.  Tha  soil  usad  in  tha  axtraction  is 
raprasantativa  of  local  soil,  and  tha  calculatad  afficiancy  of 
axtraction  takas  oxidation  of  tha  hydrazinas  by  tha  soil  into 
account.  Darivatization  of  tha  hydrazinas  in  tha  resulting 
aqueous  extracts  was  unsuccessful  with  acetone  and  several  other 
agents,  but  successful  with  2 , 4-pentanadione .  All  thraa 
hydrazinas  ware  darivatizad,  including  UDMH  which  formed  2- 
dimathylhydrazone-4-pantanona.  Tha  darivatizad  hydrazinas  ware 
analyzed  by  gas  chromatograph  (GC)  equipped  with  a  thermionic 
ionization  detector  operating  at  nitrogen-sensitive  conditions. 
Tha  concentration  of  2,4-pentanadiona  in  tha  axtract  was  found  to 
affect  tha  darivatization  afficiancy  of  tha  thraa  hydrazinas, 
especially  UDMH.  Detection  limits  of  tha  hydrazinas  in  tha  soil, 
without  praconcantration,  are  0.1  ppm  for  HZ,  0.2  ppm  for  MMH, 
and  0.5  ppm  for  UDMH.  This  mathod  is  also  applicable  to  tha 
determination  of  hydrazinas  in  water. 

INTRODUCTION 


BACKGROUND 

Hydrazine  fuels,  usad  in  aerospace  applications,  are 
suspected  carcinogens  and  considered  hazardous  substances  by  tha 
US  Environmental  Protection  Agency  (Reference  1) .  Soil 


contamination  by  these  chemicals  is  therefore  subject  to 
regulation,  and  the  identity  and  quantity  of  hydrazines  in  soil 
must  be  determined.  Adequate  analytical  methods  have  been 
developed  for  the  determination  of  traoe  levels  of  hydrazines  in 
air  and  water.  Many  of  these  methods  derivatize  hydrazines 
before  analysis  by  gas  chromatography  (GC) .  Aqueous  extraction 
of  hydrazines  from  soil,  however,  may  produce  matrices  that 
interfere  with  agents  used  in  the  subsequent  derivatization. 

Since  the  hydrazines  are  thermally  labile  compounds  and  not 
amenable  to  gas  chromatography,  they  are  usually  derivatized  by 
reaction  with  a  oarbonyl -containing  organic  compound.  More  than 
six  different  derivatizing  agents  have  been  reported  for 
hydrazines,  including  pentafluorobenzaldehyde,  p-chloro- 
benzaldehyde,  salicylaldehyde,  furfuraldehyde,  acetone,  and  2,4- 
pentanedione  (References  2  -  6) .  Acetone  has  been  found  to  be 
the  most  satisfactory  derivatizing  agent  for  the  determination  of 
hydrazines  from  air  or  water  (References  4  and  5) .  However,  the 
reaction  between  acetone  and  hydrazines  to  form  hydrazones  is 
reversible  and  may  not  be  appropriate  for  soil  extracts. 

Soil  matrices  and  the  interaction  of  these  matrices  with 
hydrazines  in  soils  are  complex.  These  interactions  can  include 
complexation,  adsorption,  chemisorption,  autooxidation,  and 
catalytic  decomposition.  Therefore,  an  effective  soil  extraction 
method  must  extract  all  the  available  hydrazines  from  the  soil. 

APPROACH 

An  extraction  method  is  required  to  quantitatively  extract 
all  hydrazines  from  soils,  less  those  which  have  been  oxidized  or 
decomposed,  into  a  solution  that  can  be  analyzed.  Such  an 
extraction  method,  however,  may  also  extract  substances  that 
interfere  in  either  the  derivatization  or  rate  of  derivatization 
of  these  hydrazines  when  analyzed.  Therefore,  a  derivatization 
reaction  that  produces  stable  reaction  products  and  is  not  matrix 
dependent  is  needed. 
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EXPERIMENTAL 


EXTRACTION 

To  obtain  parcant  raoovary  of  th«  hydra zinas  from  soil  using 
ths  extraction  procadura,  hydra zinas  wers  first  addad  to  ths 
soil.  Ths  soil  was  than  rollad  in  a  ball  mill  for  15  minutss 
bsfors  ths  hydrazinss  wars  sxtraotsd  using  ths  following 
proosdurs. 

To  a  mass  of  100  grams  of  soil,  200  mL  of  dsionizsd  watsr 
and  than  10  mL  of  rsagsnt-grada  ooncsntratsd  sulfuric  acid  wars 
addad.  Ths  soil  and  acid  wars  mixad  and  boilad  for  fiva  minutss. 
Ths  mixtura  was  ffiltarad,  and  tha  rasidua  was  rinsad  with  two  25- 
mL  volumas  of  dsionizsd  watar,  tha  rinsa  liquid  baing  oombinsd 
with  tha  filtrata.  Tha  filtrata  was  than  passad  through  a 
msmbrans  filtar,  and  tha  rasidua  was  rinsad  with  10  mL  of 
dsionizsd  watar,  tha  rinsa  liquid  again  baing  oombinsd  with  tha 
filtrata.  Tha  rasulting  filtrata  was  than  raady  to  ba  analyzad 
for  axtractad  hydrazinss. 

DERIVATIZATION  AND  ANALYSIS 

Tha  axtractad  hydrazinss  wars  darivatizad  immadiataly  aftar 
axtraction  from  soil  by  adding  5  mL  of  2,4-psntanadiona  to  tha 
filtrata,  adjusting  tha  pH  to  9  using  a  50  parcant  NaOH  solution, 
and  diluting  tha  solution  to  500  mL  with  dsionizsd  watar.  Tha 
hydrazina  darivativas  in  aquaous  solution  wars  analyzad  using  a 
Hawlatt  Packard  modal  5890A  gas  chromatograph  (GC)  aquippad  with 
a  thsrmionic  ionization  datactor  (TZD) .  Analysis  was  parformad 
undar  conditions  which  wars  both  sansitiva  and  salactiva  to 
nitrogan-containing  compounds.  Tha  conditiona  for  analysis  wars 
as  follows : 

«  Column:  0.25  mm  id,  20  m,  0.25  m,  Carbowax  2 0U  capillary 
column 

*  Datactor:  thsrmionic  ionization  datactor 

*  Datactor  tamparatura:  230 *c 

*  In j actor  tamparatura:  250*C 

*  Split  flow:  70  cmVmin 


278 


*  Splitless  time:  l  min 

*  oven  Initial  Temperature:  70 *c 

*  Ovan  Initial  Tima:  0  min 

*  Program  Rata:  10  *C/min 

*  Ovan  Final  Tamparatura:  190  *c 

*  carriar  Flow  (Halium) :  l  cm3/min 

*  Makaup  Flow  (Halium) :  24  om3/min 

*  Hydrogan  Flow:  3  cm3/min 

*  Air  Flow:  100  cm3/min 

Thraa  darivativas  wara  formad  upon  axtraotion  with  2,4- 
pantanadiona:  3,5-dimathyl  pyraaola  (DMP)  from  HZ;  1,3,5- 
trimathyl  pyraaola  (THP)  from  MMH;  and  2-dimathylhydrazona-4- 
pantanona  (DMHP)  from  UDMH.  Each  of  thaaa  darivatizad  compounds 
waa  praparad  at  oonoantrationa  naar  250  ppm.  In  addition,  DMP 
and  THP  wara  obtainad  aa  95  -  99  paroant  pura  raaganta  (from 
Aldrich  Chamioal  Co.,  Milwaukaa  MI,  and  X  &  K  Laboratories, 
Plainviaw,  NY) .  The  third  derivative,  DMHP,  could  not  be 
obtainad.  Therefore,  DMHP  waa  praparad  by  mixing  a  known  amount 
of  99  paroant  UDMH  (from  Olin  Chemicals,  Stamford,  CT)  with  a 
large  excess  of  2,4-pentanedione. 

Each  of  these  darivativas  was  identified  by  gas 
chromatography/mass  spectrometry  (GC/MS)  and  fouriar  transform 
infrared  spectroscopy  (FTIR) .  Calibration  curves  wara  collected 
for  DMP,  TMP,  and  DMHP  at  the  same  detector  sensitivity. 

RESULTS 

EXTRACTION 

Standard  solutions  of  HZ,  MMH,  and  UDMH  wara  praparad  by 
mixing  known  volumes  of  the  98  -  99  percent  pura  liquids  in 
sufficient  dilute  sulfuric  acid  to  make  1.00  liter  of  each 
solution.  Tha  concentration  of  each  solution  was  certified  by 
coulomatric  titration  of  a  known  volume  of  tha  solution 
(Rafaranca  7) .  Known  masses  of  each  hydrazine  wara  treated 
according  to  tha  extraction  procedure  described  previously  (no 
soil  was  used) ,  and  tha  recovery  was  determined  in  each  case  by 
coulomatric  titration.  Tha  extraction  of  each  mass  of  hydrazine 
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was  tested  in  triplicate,  and  the  percent  recoveries  are 
indicated  in  table  1. 

Soil  believed  to  be  free  of  hydrazines  was  treated  according 
to  the  extraction  procedure  previously  described.  Oxidants  in 
the  extract  were  quantitatively  ^determined  by  adding  potassium 
iodide  to  the  extract  and  titrating  the  liberated  triiodide  with 
an  arsenic (III)  oxide  solution  prepared  from  primary-standard 
As2o3.  The  test  was  performed  in  triplicate.  The  soil  from  tho 
area  was  found  to  contain  sufficient  oxidants  to  consume  1.7  mmol 
of  arsenic (III)  oxide  per  kg.  (This  is  equivalent  to  54  mg  of 
hydrazine,  or  78  mg  of  monomethylhydrazine,  or  203  mg  of 
unsymmetrical  dimethy lhydraz ine ,  per  kg  of  soil.) 

Soil  was  artificially  contaminated  with  hydrazines  and 
extracted.  The  hydrazine  content  of  each  extract  was  determined 
by  coulometric  titration  and,  in  the  oases  of  HZ  and  MMH,  by 
spectrophotometer  with  para-dimethylaminobenzaldehyde  (PDAB) . 

The  extraction  of  each  mass  of  hydrazine  from  soil  was  tested  in 
duplicate  and  gave  the  yields  and  recoveries  (after  allowance  for 
oxidation  by  the  soil)  indicated  in  table  2. 

TABLE  1.  RECOVERY  OF  HYDRAZINES  FROM  KNOWN  SOLUTIONS 


Mass 

Recovery 

Compound 

(mg) 

(%) 

TABLE  2.  YIELD  AND  RECOVERY  OF  HYDRAZINES  FROM  CONTAMINATED  SOIL 


Compound 

Mass 

(mg) 

■  1 1 T*  ■  v  'j 

Recovery® 

(%) 

HZ 

1 

<0.01 

— 

5 

<0.01 

— 

10 

4.5 

98 

25 

19.6 

100 

MMH 

5 

<0.01 

— 

10 

2.2 

100 

25 

17.4 

101 

UDMH 

10 

<0.01 

— 

25 

4.4 

94 

100 

80.1 

101 

a  Tha  average  unracovarabla  amount  lost  to  tha  soil  is 
•quivalsnt  to  S.4  mg  HZ,  7.8  mg  MMK,  and  19.9  mg  UDMH. 
Thsrsfors,  when  17.4  mg  of  MMH  is  rsoovsrsd  from  soil 
spilcsd  with  25  mg  of  MMH,  ths  psrosnt  racovary  is  17.4  mg 
raoovarad/17.2  mg  thaoratioal  racovary  >101  paroant 
racovary. 

DERI VATI Z ATION  AND  ANALYSIS 

Six  darivatizing  agants  wara  considarad  for  tha  hydrazinas 
in  tha  aquaous  axtracts.  Tha  initial  choica  was  acatona,  sinca 
aoatona  was  raportad  to  ba  succassful  for  all  thraa  hydrazinas  in 
quastion  (Rafaranca  4)  and  worked  wall  at  Whita  Sands  Tast 
Facility  with  samples  of  daioniiad  water  spiked  with  hydrazinas. 
Howavar,  whan  acatona  was  used  as  tha  darivatizing  agent  in 
actual  spiked  soil  extracts,  no  darivatizad  hydrazinas  wara 
obtained.  Several  of  tha  other  potential  darivatizing  agants 
wara  discarded  after  experimentation  showed  that  they  would  not 
derivatize  all  three  of  the  hydrazinas.  Finally,  2,4- 
pantanadiona  was  triad,  which  was  raportad  in  Rafaranca  6  to 
derivatize  HZ  and  MMH  but  not  UDMH  (Rafaranca  6) .  Relatively 


high  concentrations  of  2,4-pentanedione  (approximately  1  percent) 
did  derivatize  UDMH,  and  the  derivative  was  identified  by  GC/MS 
as  DMHP. 

The  retention  times ,  mass  spectra,  and  infrared  spectra  for 
the  purchased  DMP  and  TMP  are  identical  to  those  substances 
extracted  using  the  appropriate  hydrazine  and  2 , 4-pentanediona . 

No  source  of  pure  DMHP  was  found.  The  mass  spectrum  and  infrared 
spectrum  for  DMHP  are  shown  in  figures  l  and  2. 

The  average  derivatization  efficiencies  for  hydrazine  and 
MMH  were  determined  and  found  to  be  127  percent  and  101  percent, 
respectively.  The  derivatization  efficiency  for  DMHP  was 
probably  near-quantitative  under  the  identical  conditions  but 
could  not  be  measured  since  a  primary  standard  was  not  available. 
The  DMHP  response  factor  of  32,326  area  counts/ppm  was  near  that 
for  DMP  (19,224  area  counts/ppm).  The  response  factor  for  TMP 
was  21,342  area  counts/ppm  TMP.  The  response  of  the  detector  was 


Figure  1.  Mass  Spectrum  of  2-Dimethylhydrazone-4-pentanone 
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®  5X  UDMH  IN  ACAC 


Figure  2.  Infrared  spectrum  of  2-Dimethylhydrazone-4-pentanone 

linaar  for  oaoh  of  the  three  derivatized  hydrazines  over  nearly 
three  orders  of  magnitude. 

The  concentration  of  2 , 4-pentanedione  was  found  to  be 
critical  for  the  complete  derivatization  of  UDMH.  A  one-percent 
2 , 4-pentanedione  concentration  was  found  to  produce  near-complete 
derivatization  of  each  of  the  hydrazines  whereas  a  5  X  10“3 
percent  concentration  did  not  allow  complete  derivatization  of 
UDMH.  With  the  5  X  10”3  percent  2 , 4-pentanedione  concentration, 
most  of  the  UDMH  apparently  decomposed  or  vaporized  when  the 
solution  pH  was  raised  above  7;  however,  the  hydrazine  end 
monomethylhydrazine  derivatives  appeared  to  be  stable  under  those 
conditions. 

The  minimum  detectable  limits  in  the  soil  for  each  of  the 
hydrazines  (which  are  approximately  three  standard  deviations 
above  the  blanks)  are  0,1  ppm  for  HZ,  0.2  ppm  for  MMH,  and  0.5 
ppm  for  UDMH.  Note  that  the  minimum  detectable  limit  for  TMP  is 
higher  than  for  DMP.  This  is  a  reflection  of  the  higher 
background  generally  seen  near  the  retention  time  for  TMP.  The 
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minimus  detection  limit  for  DMHP  is  higher  than  the  other  two  and 
reflects  the  lower  analytical  precision  for  this  species. 


CONCLUSIONS 

The  results  of  this  work  can  be  summarized  as  follows: 

All  available  hydrazines  (HZ,  MMH,  and  UDMH)  can  be 
extracted  from  contaminated  soil  using  an  acidic  extraction 
method. 

This  acid  extraction  method  apparently  extracts  other 
substances;  these  substances  interfere  with  some  previously 
reported  derivatization  methods  for  hydrazines. 

The  derivatization  method  used  in  this  study  creates  stable 
derivatization  products  that  are  amenable  to  analysis  by  gas 
chromatography.  This  method  works  well  for  hydrazine, 
monomethylhydrazina,  and,  to  a  lesser  extent,  unsymmetrical- 
dimethy lhydraz ine . 

A  derivative  of  UDMH  can  be  made  using  a  one-percent  2,4- 
pentanedione  concentration. 

Detection  limits  using  this  method  are  0.1  ppm  for  HZ,  0.2 
ppm  for  MMH,  and  0.5  ppm  for  UDMH. 
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LOW  PPB  LEVEL  DETECTION  OP  TOXIC  COMPOUNDS  WITH  A 
FULLY  AUTOMATED  C02  LASER  PHOTOACOUSTIC  DETECTOR 

S.  M.  Back,  M.  L.  Takayama,  R.  L.  Corbin  and  G.  L.  Loper 
Chemistry  and  Physics  Laboratory 
The  Aerospace  Corporation 
P.  0.  Box  9 2 9> 5 7 
Los  Angeles,  CA  90009 

ABSTRACT 

Progress  towards  developing  a  breadboard  CO?  laser 
photoacoustic  detector  capable  of  monitoring  a  wide  variety  of 
toxic  compounds  at  less  than  100  ppb  in  ambient  air  is 
described . 

Key  achievements  include:  (1)  development  of  an  acoustic 
frequency  tracking  device  which  allows  use  of  a  sensitive 
resonant  photoaooustic  cell  in  changing  temperature  and  humidity 
conditions,  (2)  development  of  an  electronic  spectrum  analyzer 
which  provides  a  means  for  the  computer  to  scan  the  CO?  laser, 
(3)  development  of  software  algorithms  which  allow  efficient  and 
accurate  analysis  of  a  gas  sample,  and  (4)  actual  analysis  of 
laboratory  prepared  gas  mixtures. 

The  instrument  has  been  demonstrated  in  a  laboratory 
environment  to  be  capable  of  automatically  and  simultaneously 
monitoring  several  toxic  compounds  at  low  ppb  concentrations  in 
laboratory  prepared  mixtures.  The  detector  was  able  to  detect 
hydrazine  at  concentrations  as  low  as  five  ppb  in  mixtures 
containing  three  other  interferent  gases  at  concentrations  as 
high  as  600  fold  greater. 


INTRODUCTION 

Laser  photoacoustic  (PA)  detection  promises  to  be  a  useful 
technique  for  monitoring  airborne  compounds  below  the  100  parts 
per  billion  (ppb)  concentration  regime.  '3  With  the  addition 
of  laser  wavelength  tuning,  the  technique  is  capable  of 
analyzing  a  gas, mixture  for  its  component  identities  and 
concentrations.  • 5  This  is  a  critical  attribute  for  toxic 
vapor  monitoring  where  more  than  one  compound  may  be  of 
concern.  In  a  scenario  where  the  analyzer  is  used  as  a  toxic 
vapor  monitor,  component  analysis  reduces  the  possibility  of  a 
false  alarm  caused  by  the  presence  of  nontoxic  interferrlng 
gases.  While  no  such  instrument  has  yet  been  reported,  we 
review  here  progress  towards  development  of  a  CO?  l.ser  based 
photoacoustic  trace  gas  analyzer,  capable  of  analyzing  in  real 
time,  mixtures  of  gases  below  100  ppb  in  air. 

This  review  is  divided  into  sections,  each  dealing  with  a 
specific  aspect  of  the  instrument  development.  In  the  first 
section  the  principle  of  operation  of  a  PA  gas  analyzer  is 
discussed.  Subsequent  sections  deal  with  the  light  source,  the 


PA  cell,  laser  timing,  wavelength  verification  and  computer 
control  of  the  instrument.  Finally,  results  of  recent 
breadboard  instrument  tests  on  laboratory  gas  mixtures  are 
presented. 

RESULTS  AND  DISCUSSION 

FRINC.IRLll  .QF-QIERAXIM 

The  photoacoustic  effect  was  first  discovered  by  Alexander 
Graham  Ball  whan  ha  notlcad  that  an  amplitude  modulated  sunbeam 
striking  a  solid  black  surface,  produced  an  audible  tone  at  the 
modulation  frequency.  In  modern  applications  of  the  technique, 
a  laser  beam  replaces  the  sunbeam  and  a  sensitive  microphone 
serves  as  the  "ear".  A  schematic  of  a  typical  photoacoustic 
apparatus  Is  shown  in  Figure  1.  The  technique,  applied  to  a  gas 
mixture,  works  as  follows;  a  laser  photon  is  absorbed  by  a 
sample  gasmolecule,  in  resonance  with  the  laser  wavelength.  The 
photon  energy  is  rapidly  converted  to  heat  by  collisions  of  the 
excited  molecule  with  background  molecules.  This  heat  produces 
a  local  pressure  rise,  which  propagates  outward  from  the  point 
of  photon  absorption.  If  the  laser  beam  is  amplitude  modulated 
at  an  acoustic  frequency,  the  pressure  waves  which  are  produced 
are  also  periodic  and  can  be  detected  by  a  microphone  located 
nearby.  The  technique  la  extremely  sensitive,  capable  of 
detecting  gases  at  concentrations  below  1  X  1010 
molecules/cm3 . 

Analysis  of  gas  mixtures  containing  n  components  is 
straightforward.  The  optical  absorption  of  the  gas  sample  is 
measured  by  the  PA  apparatus  at  m  laser  wavelengths  where  m  i 
n.  From  these  measurements,  and  a  library  of  spectral  data,  a 
set  of  linear  equations  is  set  up  relating  the  measured 
absorptions  at  each  wavelength,  absorption  cross  sections  for 
possible  constituent  gases,  and  the  unknown  concentrations  of 
these  gases.  This  coupled  set  of  equations  is  then  solved  using 
matrix  algebra,  the  result  being  the  identity  and  concentration 
of  each  gas  in  the  mixture. 

Work  has  been  performed  to  determine  how  uncertainties  in 
the  measured  sample  absorbances  at  the  monitoring  laser 
wavelengths,  as  well  as  in  the  cross - section  data  for  the 
oomponenta  in  the  gas  mixture,  Influence  the  uncertainties  in 
the  calculated  concentrations  of  the  components.  Average 
concentration  errors  have  been  calculated  as  a  function  of 
average  errors  in  the  cross  sections  and  absorbances  for  three 
hypothetical  mixtures  containing  hydrazine,  monomathylhydrazins 
(MMH) ,  and  unsymme tr leal  dimethylhydrazine  (UDMH) ,  and  various 
combinations  of  three  other  components.  The  gases  in  the 
mixtures  were  assumed  to  be  present  in  equal  concentrations. 
Random  errors  were  then  induced  in  our  previously  measured  cross 
sections  for  these  compounds  and  the  sample  absorbance  values 
predicted  from  the  original  cross-section  data.  This  simulation 
showed  that  the  average  concentration  errors  increase  in  nearly 
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a  linear  manner  with  an  increase  In  the  magnitude  of  the  average 
error  in  the  cross-section  data  and  sample-absorbance  values. 

For  the  three  hypothetical  mixtures,  when  the  random  induced 
errors  averaged  54,  the  average  concentration  error  was 
predicted  to  be  less  than  10%  when  18  or  more  monitoring 
wavelengths  were  used,  and  less  than  20%  when  as  few  as  six 
wavelengths  were  used.  The  components  of  a  mixture  could  thus 
be  determined  with  satisfactory  accuracy  in  cases  where  the 
average  absorbance  and  cross-section  errors  were  5«  or  less, 
even  when  the  minimum  number  of  monitoring  wavelengths  were 
used. 


The  COj  laser  is  an  ideal  light  source  for  monitoring 
airborne  organic  and  inorganic  compounds  because  its  wavelength 
is  tunable  over  the  9  pa  and  11  pm  region  of  the"  Infrared 
spectrum.  This  region  overlaps  strong,  structured  absorptions 
for  a  large  number  of  organic  and  inorganic  compounds.  For 
this  reason  it  has  been  termed  the  "finger-print"  region  of  the 
infrared  spectrum  and  has  been  used  for  decades  by  organic  and 
inorganic  chemists  for  compound  identification  by  standard 
Infrared  absorption  spectroscopy.  In  addition,  there  is  an 
atmospheric  transmission  window  in  the  8-12  p  m  spectral  region, 
reducing, background  Interferences  by  water  end  carbon 
dioxide. 

Figure  2  shows  the  absorption  cross  sections  at  various 
C02  laser  wavelengths  for  several  compounds  of  potential 
Interest.  The  magnitude  of  the  infrared  absorptions  provide  the 
CO,  laser-based  PA  detector  with  high  sensitivity,  while  the 
uniqueness  of  the  C02  laser  spectral  profiles  allows  specific 
identification  of  the  various  compounds. 

The  laser  Itself  is  a  sealed  tufa  RF  discharge  C02  laser, 
with  line  tunabillty  provided  by  a  gating  and  piezoelectric 
mounted  output  coupler.  The  laser  is  tunable  over  70  discrete 
rotational  lines  from  9pm  to  11  pm,  with  the  strongest  lines 
providing  5  watts  of  power. 


C02  laser  wavelength  tuning  is  an  essential  part  of  the 
PA  analysis  technique.  It  is  also  Important  to  verify  that  the 
laser  is  at  the  correct  wavelength,  as  any  error  in  line 
identification  would  produce  completely  erroneous  concentration 
values . 

The  laser  tuning  and  wavelength  measurement  are  under 
computer  control.  Tuning  is  provided  by  a  computer  controlled 
stepper  motor  which  tilts  the  laser  grating  to  the  appropriate 
angle  for  a  given  laser  line.  Optimization  of  the  output  power 
of  a  given  laser  line  is  accomplished  by  computer  monitoring  of 
the  laser  output  wavelength  and  power  while  small  adjustments 
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are  made  In  grating  position  and  piezoelectric  voltage  by  the 
computer.  The  time  required  to  tune  from  one  line  to  another 
and  take  a  photoacoustic  absorption  measurement,  is  about  90 
seconds . 

The  laser  wavelength  is  monitored  by  a  laboratory  built 
grating  spectrograph.  The  laser  output  is  detected  by  a 
thermistor  array  placed  at  the  exit  focal  plane  of  the 
spectrograph.  The  electrical  output  of  the  array  is  multiplexed 
and  sent  to  the  computer.  Ten  percent  of  the  CO2  laser  power 
is  split  off  and  sent  through  Che  spectrograph,  allowing 
continuous  monitoring  of  the  laser  wavelength. 
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Both  acoustically  resonant  and  nonresonant  PA  cells  have 
been  reported  for  use  in  trace  gas  detection.  The  resonant 
cell  has  certain  advantages  which  make  it  an  attractive 
candidate  for  an  actual  real  time  field  gas  analyzer.  Properly 
designed,  it  has  higher  immunity  to  noise  generated  by  laser 
light  absorbed  at  Che  cell  windows,  and  turbulence  produced  by 
sample  flow,  This  eliminates  the  need  for  a  reference  cell 
which  may  require  frequent  calibration.  Additionally,  the 
resonant  cell  can  have  a  large  volume- to-surface  ratio  and  still 
maintain  high  reaponsivity ,  thus  minimizing  the  chance  for 
sample  loss  due  to  surface  adsorption. 

Baaed  on  the  above  arguments,  we  have  selected  a  resonant 
PA  cell  for  the  prototype  gas  analyzer,  The  cell,  shown  in 
Figure  3  is  of  the  Amor  and  Garlach  design.  It  is  a 
cylindrical  cavity  designed  to  opurate  at  the  frequency  of  its 
first  radial  mode.  Laser  beam  entrance  windows  and  gas  ports 
are  located  at  the  nodal  positions  of  this  mode,  lnuurlng  poor 
coupling  between  noise  produced  at  these  locations  and  the 
detection  microphone.  The  microphone  which  detects  the  PA 
signal  is  mounted  at  the  center  of  one  cylinder  face,  the 
position  of  the  maximum  pressure  amplitude  of  the  first  radial 
mode.  Figure  4  shows  the  cell  response  versus  ethylene 
concentration  in  nitrogen,  The  various  noise  contributions  duo 
to  gas  flow,  window  absorption,  and  ambient  and  coherent  chopper 
sound  are  Indicated  on  the  figure.  The  minimum  detectable 
flowing  ethylene  concentration  monitored  at  the  P(14)  10  m  band 
CO2  laser  line  is  1.8  ppb  at  1  watt  laser  power. 


As  mentioned  above,  a 
make  accurate  detection,  e 
difficult.  The  resonant  c 
ratio,  and  its  ability  to 
to  reduce  the  problem  of  a 
large  number  of  experiment 
the  effectiveness  of  vario 
sample  adsorption.  It  was 
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operate  at  high  sample  flow  rates  help 
dsorption.  In  addition,  however,  a 
al  tests  were  performed  to  evaluate 
us  cell  coating  material  1  in  reducing 
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hydrazine  by  adsorption,  Both  of  these  polar  compounds 
strongly  adsorb  to  metal,  glass,  or  ceramic  surfaces. 

FREQUENCY  TRACKING  AND  DATA  ACQUISITION 

In  spite  of  certain  Inherent  advantages  described  above, 
the  use  of  the  resonant  PA  cell  for  field  use  has  been  limited 
by  the  fact  that  the  cell's  response  is  typically  more  than  500 
times  greater  at  modulation  frequencies  equal  to  the  cell's 
acoustic  resonance  frequency  than  at  slightly  different 
frequencies.  This  requires  that  the  light  modulation  frequency 
be  continuously  maintained  at  the  cell's  acoustic  resonance 
frequency.  This  Is  particularly  difficult  since  that  frequency 
is  a  sensitive  function  of  gas  temperature  and  composition.  For 
a  typical  cell  with  a  high  quality  factor  (Q  -500),  driven  at  a 
constant  frequency,  a  one  degree  temperature  change  translates 
to  a  greater  than  eighty  percent  drop  in  ceil  responsivity . 

In  order  to  alleviate  this  problem,  we  have  developed  a 
novel  electronic  device  that  automatically  tracks  the  resonance 
frequency  of  the  resonant  cell  under  changing  temperature  and 
humidity  of  the  gas  sample.  The  device  uses  the  high 
acoustical  bandpass  filter  properties  of  the  cell  itself  to 
detect  changes  in  the  acoustic  resonance  frequency  and 
automatically  adjusts  the  laser  light  modulator  to  this 
frequency  to  maintain  the  peak  photoacoustic  signal,  The  device 
also  serves  as  the  photoacoustlc  system's  signal  processing 
electronics,  eliminating  the  need  for  a  lock-in  amplifier.  A 
block  diagram  of  the  tracking/acquisition  device  is  shown  in 
Figure  5.  The  principle  of  operation  of  the  device  is  as 
follows.  A  small  speaker,  placed  inside  of  the  resonant  cell, 
is  initially  made  to  emit  a  broad  range  of  acoustic 
frequencies.  The  cell  resonates  preferentially  at  its  acoustic 
resonance  frequency.  Acoustic  onergy  is  dissipated  rapidly  in 
the  cell  at  nonresonant  frequencies.  The  cell  microphone  thus 
selectively  detects  sound  at  the  cell's  radial  mode  resonance 
frequency.  The  signal  detected  by  the  microphone  is  fed  back 
into  a  34  db  input  amplifier,  through  a  voltage  controlled 
attenuator  (VCA) ,  and  through  another  34  db  output  amplifier. 

The  sinusoidal  voltage  signal  vi  exiting  the  output  amplifier 
has  a  frequency  equal  to  the  cell’s  acoustic  resonance  frequency 
and  drives  the  speaker.  The  signal  v  is  also  fed  into  a 
rectifier  to  produce  a  DC  voltage  V^  proportional  to  the 
amplitude  of  v^,  V^  is  compared  to  an  internal  DC  reference 
voltage  Vogp  by  the  VCA  driver.  The  VCA  driver  produces  a  DC 
output  voltage  V2  which  is  proportional  to  Vj.-VREp.  The 
voltage  V2  controls  the  amount  of  attenuation  produced  by  the 
VCA.  The  portion  of  the  device  described  so  far  forms  an 
acousto-electronic  loop.  The  loop  oscillates  at  the  particular 
cell  resonance  frequency  with  a  small,  constant  amount  of 
acoustic  energy  in  the  cell.  The  DC  output  voltage  V,  rapidly 
adjusts  to  a  constant  value  K  in  the  absence  of  any  light 
absorption  by  the  gas  in  the  cell. 
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Another  portion  of  the  device  drives  a  mechanical  chopper 
which  modulates  the  laser  Light  intensity.  The  signal  v  ^  , 
whose  frequency  is  equal  to  the  cell  resonance  frequency,  is 
phase • shifted  by  the  amount  needed  to  drive  the  mechanical 
chopper  such  that  light  absorption  in  the  cell  occurs  in  phase 
with  the  small  acoustic  signal  produced  in  the  cell  by  the 
speaker.  Light  absorption  in  the  cell  increases  the  magnitude 
of  the  signal  Vi  giving  rise  to  an  Increase  in  its  rectified 
DC  signal  Vj_.  v2,  which  is  proportional  to  Vj.-VRp.p, 
will  then  increase  so  that  the  amount  of  attenuation  produced  by 
the  VGA  increases  in  an  attempt  to  reduce  the  magnitude  of  the 
signal  v i  to  the  constant,  small  value  it  had  in  the  absence 
of  light  absorption  by  the  gas  sample.  The  quantity  V«-K  at 
any  time  is  thus  directly  proportional  to  the  amount  of  light 
absorbed  by  the  gas  in  the  cell. 
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The  performance  of  the  tracking  device  was  tested  over  a 
temperature  range  of  -25°C  to  S7°C,  the  range  relevant  to  a 
field  environment.  Within  our  ability  to  measure  it,  the  device 
tracked  the  cell's  resonant  frequency  perfectly.  The 
sensitivity  for  the  PA  system  using  the  tracking  device  to 
acquire  the  signal  compares  favorably  with  the  lock-in  amplifier 
results  (Figure  A) .  In  both  cases  the  limit  to  the  sensitivity 
is  acoustical  noise,  not  the  detection  electronics.  A 
systematic  Increase  in  the  system  response  of  less  than  5 
percent  is  observed  as  the  cell  temperature  is  raised  from 
25°C  to  33°C,  This  change  is  not  due  to  small  temperature 
induced  changes  in  the  ethylene  concentration  or  absorption 
cross  section,  More  work  is  needed  to  fully  characterize  the 
origin  of  this  small  (<  0.5  percent/°C)  responslvity  change 
with  temperature.  It  should  be  emphasized  that  this  response 
ohange  is  many  times  smaller  than  the  approximately  80 
percent/°C  responslvity  change  that  would  occur  without  the 
frequency  tracking  device. 
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The  various  functions  of  the  PA  gas  analyzer  are  controlled 
by  a  personal  computer.  These  include  laser  wavelength  tuning, 
wavelength  verification,  laser  power  measurement,  zero  offset 
measurement  and  photoacoustic  signal  acquisition.  The  computer 
also  stores  a  library  of  absorption  cross  sections  of  known 
compounds  and  performs  the  necessary  matrix  computation  to 
determine  the  unknown  gas  concentrations,  The  computer  could 
also  control  various  flow  valves  involved  in  the  gas  sampling 
routine.  The  Instrument  is  autonomous,  needing  only  initial 
input  as  to  which  gases  and  which  laser  lines  are  to  be  used  in 
the  analysis. 
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In  order  to  test  the  ability  of  the  breadboard  detector  to 
obtain  accurate  and  reproducible  concentrations  of  gases  in 
mixtures  a  gas  flow  and  mixing  system  was  assembled.  The  use  of 
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mass-flow  controllers  in  this  system  allowed  the  concentrations 
of  four  different  gases  to  be  independently  varied  in  nitrogen 
from  low  ppb  to  high  ppm  values.  A  sample  of  this  gas  mixture 
was  then  continuously  drawn  through  the  photoacoustic  cell.  The 
concentration  of  any  of  the  gases  in  the  mixture  could  be 
quantitatively  changed  by  adjusting  the  appropriate  flow 
controller . 

The  four  gases  chosen  for  the  mixture  were  hydrazine, 
methyl  bromide,  ammonia,  and  ethylene.  Hydrazine  was  chosen  for 
use  in  the  mixture  since  it  is  the  most  reactive  and  adsorptive 
of  the  hydrazine-fuels.  Methyl  bromide  is  widely  used  as  a 
fumigant.  It  is  among  toxic  compounds  for  which  improved 
detection  capability  is  desired  by  EPA.  This  compound  also  was 
chosen  to  test  the  discrimination  capability  of  the  instrument. 
Methyl  bromide's  spectrum  consiste  of  a  series  of  peaks  and 
valleys,  that  in  many  instances,  are  located  at  the  sane 
wavelength  positions  as  peaks  and  valleys  in  the  spectrum  for 
hydrazine.  Ammonia  may  be  present  at  hydrazine- fuel  monitoring 
locations  since  it  is  an  important  air  oxidation  product  of  the 
hydrazines  and  it  is  used  as  a  refrigerant  on  the  Shuttle 
Transporter.  Ethylene  is  present  in  typically  polluted  urban 
air  samples.  Seven  C02  laser  lines  [10  pm  band  lines  R(16), 
R(14),  P(14) ,  P ( 22 ) ,  P(  28 ) ,  P<30),  and  P( 32  > ]  were  selected  in 
order  to  determine  the  concentrations  of  each  of  these  four 
species  in  the  gas  mixtures  prepared. 

Table  I  lists  the  results  of  five  sequential  analyses 
performed  on  a  flowing  gas  mixture  in  which  the  mixture 
composition  was  held  constant.  Any  variance  in  the  measured 
concentrations  for  these  gases  reflects  Instrumental 
uncertainties  and  real  variances  in  the  gas  concentrations.  The 
good  repeatability  in  the  measured  concentrations  here  (in  all 
cases  less  than  ±4%  standard  deviation)  Indicates  the  good 
reproducibility  of  the  technique. 

Table  II  shows  results  for  samples  where  the  concentrations 
of  various  components  ware  changed.  The  first  two  rows  give  the 
results  of  analyses  performed  on  a  mixture  of  constant 
composition.  The  third  row  shows  the  results  obtained  following 
hydrazine  flow  termination.  The  analysis  in  this  case  was 
performed  after  a  several  minute  delay  so  that  adsorbed 
hydrazine  was  completely  depleted  from  the  mass  flow  controller 
and  gas  inlet  lines.  The  constant  concentrations  observed  for 
ethylene,  ammonia,  and  methyl  bromide  in  the  first  three  rows  of 
Table  II  indicate  that  the  technique  can  uniquely  identify  the 
mixture's  components  with  minimal  Interference  from  the  other 
gases  present.  These  results  also  indicate  that  the  absorption 
cross-section  data  used  to  calculate  the  concentrations  of  these 
four  gases  have  been  accurately  determined. 

The  last  two  rows  of  Table  II  show  the  results  of  the 
mixture  analysis  after  the  input  flows  of  ethylene,  ammonia,  and 
methyl  bromide  have  been  reduced  by  a  factor  of  about  two. 


Precise  control  of  the  flows  Is  difficult  so  the  concentration 
of  each  gas  does  not  fall  by  exactly  one-half.  The  analysis 
results,  however,  are  in  good  agreement  with  the  expected 
concentrations.  Reproducibility  is  also  quite  good. 

The  results  of  several  analyses  of  another  mixture  in  which 
the  ethylene,  ammonia,  and  methyl  bromide  concentrations  were 
held  constant  but  the  hydrazine  concentration  was  varied  by 
changing  its  flow  rate  into  the  gas  mixture  system  are  plotted 
in  Fig.  6.  Here  the  measured  hydrazine  concentration  is 
observed  to  vary  linearly  with  the  hydrazine  flow  rate  set  on 
the  mass  flow  controller.  The  non-zero  Intercept  and  slightly 
greater  than  unit  slope  suggest  the  presence  of  small 
calibration  errors  in  the  flow  system.  Nonetheless,  the  results 
shown  indicate  the  accurate  detection  of  hydrazine  at 
concentrations  down  to  below  5  ppb  in  the  presence  of  238  ppb  of 
ethylene,  134  ppb  of  ammonia,  and  1.73  ppm  of  methyl  bromide  in 
this  mixture.  In  similar  experiments  hydrazine  was  detected  in 
mixtures  containing  as  much  as  a  800-fold  excess  of  methyl 
bromide . 


TABLE  I:  Results  of  Consecutive  Mixture  Analyses: 
Static  Mixture  Concentrations 


RUN 

c2H4<PPb> 

N2H4(ppb) 

NH3(ppb) 

CH3Br (ppm) 

1. 

269 

164 

270 

1957 

2. 

260 

180 

255 

2036 

3. 

268 

174 

275 

2003 

4. 

250 

178 

280 

1976 

5. 

257 

ill _ 

269 

200  3 

Ave . 

260.8 

±7.9(3. 2%) 

173.4 

±6. 3(4.0%) 

269.8 

±6. 3(4.0%) 

1995 

±9. 4(2. 7%) 

TABLE  II:  Results  of  Consecutive  Mixture  Analyses: 

Changing  Mixture  Concentrations 

RUN 

G2H4<ppb) 

N2H4(ppb> 

MH3(ppb) 

CH3Br (ppm) 

1. 

250 

82 

157 

1.80 

2. 

243 

84 

155 

1 .79 

n2h4 

FLOW  TERMINATED 

3  . 

253 

0 

162 

1.76 

REDUCED  BY  -1/2,  C2H 

4,  NH3  AND  CH3Br 

CONCENTRATIONS 

4. 

121 

0 

99 

1.04 

5  . 

120 

0 

97 

1.02 
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ABSTRACT 

Hydrazine  is  a  reducing  agent  that  is  most  ocnraonly  used  as  a 
propellant  and  as  an  oxygen  scavenger  in  boilers.  Hydrazine  is  extremely 
irritating  and  has  bean  demonstrated  to  produce  both  acute  and  chronic 
toxicity.  As  a  result,  the  established  permissible  inhalation  exposure 
limits  are  very  lew,  and  respiratory  protection  is  required  whenever 
vapors  are  present.  Liquid  hydrazine  penetrates  the  skin  and  produces  a 
chemical  bum;  therefore,  soma  protective  measures  rust  also  bs  taken  to 
protect  the  akin  from  liquid  contact.  Often,  however,  a  cumbersome, 
whole-body  protective  suit  la  worn  to  protect  against  skin  aontact  with 
vapor  as  well.  To  what  extent  it  la  actually  necessary  to  protect  Skin 
from  vapor  penetration  had  not  previously  been  dsnonstrated.  In  an 
attempt  to  answer  this  question,  we  conducted  a  study  with  rats  to  compare 
the  dermal  penetration  of  hydrazine  vapor  with  inhalation. 

Harmaoddnetic  modeling  wae  uaed  to  Caspars  body  burdens  resulting  frost 
these  different  routes  of  exposure.  The  analysis  concluded  that  the 
vapor  corcantraticn  during  a  skin-only  exposure  would  have  to  be  at  least 
200  time*  higher  than  that  during  inhalation  to  achieve  the  same  body 
burden.  This  type  of  estimation  illustrates  the  use  of  predictive 
taxioology  in  occupational  exposures. 


INTRODUCTION 


Hydrazine  1b  a  hypsrgolic  fual  used  In  the  Titan  missile,  In  space 
shuttle  auxiliary  power  units,  In  F-16  aircraft  emergency  power  units,  in 
bollsr  watar  as  an  oxygen  scavenger,  and  in  sons  chsmical  manufacturing 
proo— as.  Hydrazine  is  a  polar  basa  with  a  graat  affinity  for  watar  and 
Is  tharafora  extremely  Irritating  to  ayes  and  mucus  membranes.  Hydrazine 
fumes  in  air  and  has  a  characteristic  odor  similar  to  that  of  amncnic . 

Tha  National  Institute  for  Occupational  Safsty  and  Haalth  (NIOSH)  has 
astiwatad  that  90,000  workars  could  ba  axpoaad  to  hydrazlna  or  hydrazlna 
salts  aach  yaar  (1) .  Khan  absorbad,  hydrazlna  can  rapidly  causa 
convulsions,  respiratory  arrast,  or  cardiovascular  oollapsa  in  humans  and 
laboratory  animals  (2,3). 

A  fsw  lnstanoas  of  hydrazlna  toxicity  In  humans  have  baan  raportad. 
Dazmal  sansitization  aftar  eoqposur*  to  hydrazlna  has  baan  citad  (4,5) . 
Aocidantal  ingestion  of  a  oonoantratad  aqueous  solution  of  hydrazlna  by  a 
workman  cauaad  prolongad  unoonaciousnaas  and  aaizurao;  however,  ha  was 
oonsidarad  raasonably  raoovarad  within  two  weeks  (6) .  Hydrazlna  toxicity 
has  baan  fatal  In  at  laast  ana  casa  In  which  an  individual  awparianoad 
conjunctivitis,  nausaa,  and  tramors  aach  tirna  ha  handled  hydrazlna.  Aftar 
aix  months  of  rapsatsd  axposura  ha  was  admittsd  to  tha  hospital  and,  aftar 
thras  weeks,  diad  dsspita  traatmsnt  (7) .  Tha  autopay  showad  axaaa  of 
granular  daganaration  of  haart  muscla,  renal  tubular  naaroais  with 
interstitial  hsmorrhage,  and  hepatic  nacre* Is. 

In  laboratory  animaln,  axpoaura  to  hydrazlna  may  produce  either 
: Immediate  toxicity  or  delayed  kidney  and  liver  injury  in  animals  that 
survive  tha  axpoaura.  Via  inhalation,  the  4 -hr  LC50  of  hydrazlna  is  250 
ppm  far  mice  and  580  ppm  for  rata  (8) .  In  another  study,  tha  i-hr  ££50  in 
rata  was  840  ppm  (9) .  A  six-month  inhalation  study  conducted  with  doge, 
monkeys,  rats,  and  mica  suggested  that  affects  wars  doae-relatsd 
regardless  of  whether  tha  exposures  ware  intermittent  or  continuous  (10) . 
long-term  intermittent  inhalation  axpoaura  in  rats,  mica,  hamsters,  and 
dogs  damonstrated  that  rats  and  hamstara  ware  sensitive  to  tha  tumoriganio 
action  of  hydrazine  (11) .  Hydrazine  has  baan  shown  to  enter  tha  body  via 
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til*  akin.  In  anesthetized  dogs,  topical  application  of  hydrazine,  in  the 
hundreds  of  milligram  per  kilogram  range,  produces  detectable  blood 
concentrations  within  30  seconds  and  a  chemical  bum  at  the  site  of 
application  (12) .  Percutaneous  absorption  of  hydrazine  in  the  rabbit  has 
bean  shown  to  occur  with  anhydrous  hydrazine  and  70%  aqueous  solutions  of 
hydrazine  (13,14). 

Obese  and  other  studies  suggest  that  hydrazina  exposure  via  the 
inhalation  route  or  direct  contact  with  skin  should  be  prevented.  As  a 
result,  vary  lew  permissible  inhalation  exposure  limits  have  bean  set. 

For  example,  the  Aasriaan  Conference  of  Govemmsntal  Industrial  Hygienists 
(ACGHH)  have  lecxitmenrtad  a  threshold  limit  value  (OLV)  for  hydrazine  of 
o.l  ppm.  Because  of  uncertainty  concerning  the  relative  Importance  of 
■kin  exposure  to  hydrazine  vapor,  it  is  ocroaonly  required  that  individuals 
working  with  hydrazine  wear  a  sslf-oontainsd  protective  ensemble  to 
provide  full-body  protection.  To  determine  whether  full  body  protection 
against  hydrazine  vapor  is  actually  necessary,  the  relative  importance  of 
the  akin  as  a  route  of  entry  suet  be  estimated.  In  e  recent  study  using  a 
specially  designed  dermal  vapor  exposure  chamber  (15) ,  we  showed  that,  in 
rats,  hydrazine  vapor  penetrates  skin  relatively  slowly  compared  to  other 
chmnioale.  The  purpose  of  this  simulation  effort  was  to  estimate  a  dermal 
equivalent  of  the  parmiaaibla  hydrazine  Inhalation  exposure  level  in  order 
to  establish  realistic  guidelines  for  ensuring  the  personal  safety  of 
individuals  exposed  to  hydrazine  vapor. 


MEIHODS 

A  pharmacokinetic  modal  for  hydrazina  exposure  in  rate,  written 
using  the  Advanced  Continuous  simulation  Language  (16)  on  an  IBM  PC/AT, 
was  used  to  estimate  body  burdens  and  blood  concentrations  after  skin-only 
and  inhalation  exposures  to  hydrazine  vapors.  The  pharmacokinetic 
description  used  in  this  analysis  was  a  modification  of  the  two- 
oempartanent  model  described  previously  (15) ,  that  simplified  the  body  into 
blood  and  deep  compartments.  Regardless  of  the  route  of  exposure, 
hydrazine  was  described  as  appearing  directly  in  the  blood  oespartmant, 
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Figure  St  Modal-Fndiotad  and  Bxparimmtal  Oonoantr&tiona 
for  Inhalation  Expoauras  at  10.7  and  9.3  ppn  Hydrazina. 


Tha  parraaability  constant  for  hydraiina  vapor  in  rata  was  datarmlnad 
by  modal ing  of  tha  akin-only  vapor  axpoaura  data  (Flgura  3) .  Tha  nodal 
was  than  usad  to  almulata  8 -hr  dannal  vapor  axpoauraa  at  incraaaingf 
hydraaina  vapor  oonoantrationa  until  pradlotad  blood  cxanoantratlona  and 
total  body  buxdan  of  hydraaina  matchad  thoaa  achiavad  in  a  aimulatad  8 -hr 
inhalation  axpoaura  at  tha  currant  TLV  (0.1  ppn) .  Tha  aquivalant  dannal 
axpoaura  conoantratlon  was  uaad  to  provida  an  aatlnata  of  tha  raoemnandad 
dannal  axpoaura  limit  raquirad  to  anaura  a  aafa  dannal  axpoaura  to 
hydraiina  vapor  in  tha  praaanoa  of  raapiratory  protaction. 
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Flgura  3.  Pradictad  and  Bxparimantal  Blood  Ocncantraticna  for 
Skin-Only  vapor  Bxpoauraa  at  486,  476,  and  108  ppm. 


RESULTS  AND  DISCUSSION 

Tha  raoulta  of  tha  modal irvy  of  lntravanoua,  inhalation,  and  dazmal 
vapor  axpoauraa  ara  the wn  In  Figuraa  1,  2,  and  3,  raapactivaly.  Baaad  on 
this  analyala,  tha  akin  pannaation  ooaffioiant  for  hydrazina  vapor  la 
approximately  0.06  any'hr.  According  to  tha  aiaulaticn,  a  20  -  30  ppm 
hydrazina  vapor  ooncantration  would  ba  required  to  produce,  in  a  akin-only 
axpoeura,  tha  earn  blood  oonoantratlona  and  body  burdan  of  hydrazina  aa  an 
inhalation  exposure  at  tha  TLV.  That  la,  it  la  pradictad  that  non  than  a 
200H  ratio  of  darnal-to-lnhalatlon  axpoaura  oonoantratlona  would  ba 
raquirad  to  produoa  tha  aana  body  burdan.  Thua  tha  modeling  auggaata  that 
if  hydrazina  vapor  oonoantratlona  do  not  exceed  20  ppm,  raaplratory 
protaotion  and  protaction  againat  liquid  contact  ara  all  that  vrculd  ba 
raquirad  for  oafaty. 
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Several  assumptions  are  inherent  In  estimating  this  safe  skin-only 
value;  among  these  are  the  assumptions  that  this  ratio  would  be  similar  in 
humans  and  rate,  that  the  skin  itself  is  not  a  significant  reservoir  for 
hydrazine,  and  that  there  is  no  direct  effect  of  hydrazine  in  the  skin. 
Sven  with  these  assumptions  this  estimate  is  likely  to  be  conservative, 
and  we  are  currently  conducting  studies  to  svalrate  the  ability  of  the 
akin  to  act  as  a  reservoir  and  potential  target  for  hydrazine. 


This  approach  for  estimating  safs  akin-only  exposure  levels  oculd  be 
generally  applied  to  other  toxic  vapors  suspected  of  causing  systemic 
effects  via  akin  penetration.  Provided  that  vapor  permeation  coefficients 
are  either  known  or  can  be  determined,  the  calculation  of  equivalent  body 
burden  can  be  used  with  inhalation  TLVe  to  estimate  skin-only  values. 

This  approach  oould  provide  a  method  for  use  by  A03IH  in  assigning 
quantitative  akin  notations. 
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SECTION  VIII 


RECONHSHDATIOIVS  FOR  FUTURE  RESEARCH 


The  concluding  ••••ion  of  the  conference  waa  a  group  discussion. 
Conference  participants  vara  askad  to  give  their  recommendations  for 
additional  research  in  tha  ganaral  araa  of  the  environmental  ehaniatry  of 
hydrazine  fuala.  Comments  wars  solid  tad  from  apaakara  in  each  of  tha  five 
ganaral  praaantation  areas,  in  turn*  Aftar  tha  apaakar  comanta,  any 
additional  thoughts  from  tha  group  aa  a  whole  vara  noted.  Comanta  ara 
summarized  balov,  by  aasaion. 

It  is  hoped  that  these  comanta  will  assist  both  researchers  and 
managers  in  assessing  tha  naad  for  a  continued  long-term  commitment  to  an 
increased  understanding  of  tha  environmental  chemistry  of  hydrasina  fuels. 


fiudfriii  Ilaahiai  and  Madtii 

-  Nora  emphasis  is  needed  on  chamber  studies  which  address  the 
fundamental  chemical  reactions,  resulting  products,  and  mechanism  of 
the  reactions  of  hydrazine  fuels  in  the  urban  troposphere. 

—  Tonic  products  are  often  formed.  These  are  not  well 

characterised  in  term  of  their  eventual  fate. 

—  Understanding  reaction  rates  in  'real'  atmospheres  is  essential 
if  the  kinetics  of  those  fuels  is  to  be  successfully  modeled 
(i.s.,  reactions  with  ozone,  oxides  of  nitrogen,  hydroxyl 
radicals,  and  other  reactive  species). 

—  This  Implies  the  need  for  mors  fundamental  and  elementary 
reaction  studies  which  emphasise  homogeneous  processes. 

-  Existing  atmospheric  dispersion  models  for  toxic  materials  which 
Include  provision  for  bydrasins  fuels,  do  not,  in  general,  include 
any  atmospheric  chemistry  in  their  concentration  calculations.  This 
deficiency  could  be  corrected  with  the  proper  kinetic  studies  as 
described  above. 

—  Such  'second-generation'  models  would  give  much  more  realistic 
"worst  case"  concentration  profiles  and  will  become  a  virtual 
necessity  under  new,  lower  exposure  criteria. 

-  From  a  practical  standpoint,  most  of  the  large  bydrasins  storage 
areas  Involve  concrete  or  asphalt  containment  surfaces.  More  work  is 
needed  to  characterize  the  details  of  interactions  of  bydrasins  vapor 
with  these  types  of  surfaces. 


Similarly,  many  'operational'  avrfacea  are  not  yet  veil 
characterized  with  respect  to  their  effects  on  the  air  chemistry 
of  hydrazine  fuel  vapora. 


Matt  in i  Basil*  Iiolttioa  Studies 

During  the  courae  of  several  previous  studies,  some  progress  has  been 
made  in  our  understanding  of  hydrazine  and  MMB  interactions  vith 
soils.  However,  virtually  nothing  is  known  about  UDMH  behavior  in 
eoil  systems. 

—  One  particular  area  of  limited  past  research  is  the  chemical 
degradation  products  of  hydrazine  fuels  in  soil  systems.  A 
corollary  to  this  is  how  these  degradation  products  interact  with 
the  colloidal  constituents  of  soils. 

The  area  of  structure/interaction  relationships  is  totally 
unexplored,  from  both  the  perspective  of  the  eoil  and  the  hydrazine 
fuel  or  its  products,  this  could  be  a  powerful  predictor  of  potential 
reactions. 

Another  generally  unknown  factor  la  the  effect  of  biological  or 
microbial  activity  on  the  stability  of  hydrazine  fuels  in  soils. 

Hydrazine  la  a  unique  molecule  with  properties  which  make  it  a 
powerful  probe  of  eoil  systems  when  coupled  with  appropriate 
spectroscopic  instrumentation.  Taking  advantage  of  this  probe  has 
great  potential  for  new  information  on  the  molecular  interaction 
mechanisms  of  hydrazine  fuels  in  soil  systems. 

All  possible  analytical  techniques  should  be  brought  to  bear  on  the 
complex  problems  of  understanding  both  macro-  end  microscopic 
hydrazine  fuel  -  soil  interactions. 

An  Increased  understanding  of  hydrazine  fuels  -  soil  Interactions  can 
be  applied  to  many  other  similar  chemicals  by  inference. 

Many  more  parametric  studies  are  needed  to  characterize  macroscopic 
interactions t  l.e.,  pH,  soil  type,  aerobic  versus  anaerobic,  etc. 


BYflri<iat.Di«ratal  Studiig 

Clearly,  in  today's  heavily  regulated  environment,  studies  must  be 
undertaken  to  completely  characterise  the  components  of  effluents 
from  treatment  eye  teas.  Many  times  only  the  primary  pollutant  (l.e., 
the  hydrazine  fuel)  or  its  direct  treatment  product  is  monitored. 
Many  more  intermediates  are  often  formed  that  have  not  yet  been 
completely  identified. 


— -  The  treatment  of  intermediates  must  also  be  directly  addressed 
once  their  chemical  composition  is  definitely  known. 

-  In  analyzing  the  effectivenaas  of  disposal  treatment  processes  more 
attention  must  be  paid  to  material  balance.  If  we  cannot  account  for 
all  of  the  Influent  there  may  be  serious  deficiencies  in  either  the 
snalysis  scheme  or  the  treatment  process  or  both. 

-  Ones  acceptable  treatment  procedures  are  established,  proper  protocol 
must  be  maintained  to  protect  the  safety  of  emergency  or  facility 
personnel . 

-  The  potential  utility  of  galling  agents  for  use  in  controlling  the 
spread  and  evaporation  of  hydrazine  fuel  spills  should  be  studied. 

Diti&tiaa.iafl  Manitarlag 

-  Market  demands,  corporate  combinations,  and  other  factors  have  led  to 
a  general  decline  in  performance  of  commercial  hydrazine  detectors. 
Thera  do  not  appear  to  be  any  commercially  available  units  vhich  are 
able  to  reliably  detect  hydrazines  at  currently  mandated  exposure 
levels. 

—  This  is  a  somewhat  specialized  market  and  the  demand  tends  to  be 
localised  to  some  Air  Tores  and  KA5A  locations.  Therefore, 
commercial  vendors  are  reluctant  to  commit  major  resources  to  new 
product  development. 

—  The  situation  dictates  a  government-funded  research  effort  to 
produce  the  required  detectors.  Though  some  such  efforts  are 
underway,  the  feeling  is  that  much  more  work  remains  In  this  area 
and  it  will  require  continued  interest  and  funding. 

—  All  types  of  monitors  are  needed t  area,  point,  and  dose. 

-  A  resource  list  for  experts  in  hydrazine  detector  technology  should 
be  compiled.  This  would  give  users  points  of  contact  for  questions 
like  "which  detector  is  best  for  this  situation?"  or  "which  detection 
scheme  would  work  best  under  these  circumstances?". 

—  Perhaps  those  who  use  hydrazine  detectors  or  published  detection 
schemas  would  be  interested  in  conducting  a  series  of  round-robin 
tests  to  compare  reaults  between  labs. 


Xfilififllttgg 

-  Improved  toxic  effects  and  toxlcoklnetic  models  need  to  bo  developed 
to  determine  how  chemicals  affect  animals  and  humans.  Scientifically 
sound  models  could  provide  a  powerful  tool  for  setting  mors  realistic 
exposure  limits  than  the  current  order-of-magnitude  estimating 
techniques. 
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Thar*  needs  to  be  son*  mechanism  for  the  periodic  reevaluation  of  the 
toxicity  of  chenical*.  As  exposure  recommendation  experimental 
protocol  evolves,  many  chemicals  may  havs  their  allowed  concentration 
levela  alfnificantly  altered.  Generally,  any  change  in  exposure 
level  has  substantial  implications  in  either  additional  costs  or 
substantial  savings . 
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